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ABSTRACT 
 
 
 Feeding higher levels of corn distillers grains with solubles (DGS) increases sulfur intake 
by animals.  Excess sulfur in beef finishing diets has been associated with reduced dry matter 
intake (DMI), body weight (BW) gain, and a negative dietary cation-anion difference (DCAD). 
The objectives of this work were to determine if adding cations to cattle finishing diets high in 
sulfur could improve performance and to measure physiological responses in cattle to high sulfur 
intake with a negative or positive DCAD.  
The potential of supplemental cations to increase DCAD and improve performance of 
cattle consuming finishing diets containing modified distillers with solubles (MDGS) was 
investigated.  In a completely randomized block design, 186 crossbred steers (342 kg ±4.80) 
were blocked by weight, allotted to 28 pens, and assigned to one of seven treatments with 3 
levels of MDGS (25, 50, 75% of DM)  supplemented or not with added cations.  A Control diet 
contained no MDGS.  Steers were fed to appetite twice daily (0800 and 1500 hr). On d 56, blood 
samples were collected prior to the morning feeding from each steer and analyzed for 
components.  Steers were harvested at d 170 of the trial. Increasing DCAD with added cations 
reduced the metabolic acid load of steers as evidenced by reduced blood Cl and increased 
bicarbonate concentrations, but had no affect upon DMI, BW gain, or carcass characteristics. 
Steers fed MDGS did not differ compared with Control steers in ADG, DMI or G:F.  Increasing 
the level of MDGS in diets resulted in a linear decrease in ADG above 25%, a quadratic decrease 
in DMI, and a trend towards a quadratic increase in F:G.  Supplementation of finishing diets  
       
viii 
containing MDGS with sodium and potassium to increase DCAD is not an economical 
management tool to improve performance.  Cattle fed diets with moderately negative DCAD 
caused by sulfur in MDGS are able to buffer the added acid load without loss of performance.  
Reductions in ADG and DMI with increasing level of MDGS are not due to reductions in 
DCAD.  
In a second trial, the effects of feeding negative DCAD and high S diets to steers upon 
plasma 3-methylhistidine (3MH) and body fluid compartments were measured. In a replicated 4 
X 4 Latin Square design, 8 steers were blocked into two weight groups and randomly assigned to  
one of four diets that consisted of 1) a Control diet (58 mEq*kg
-1
 of DM) 2) High Cl diet (-108 
mEq*kg
-1
 of DM) with added NH4Cl 3) High S diet (-130 mEq*kg
-1
 of DM) with added 
(NH4)2SO4 and 4) Pos DCAD High S diet (27 mEq*kg
-1
 of DM) with added (NH4)2SO4 plus 
NaHCO3 and K2CO3.  On the final day of each period, d 10, a solution of markers (urea, sodium 
thiosulfate, and Evans Blue dye) was injected into each steer for determination of body fluid 
compartments. Steers fed negative DCAD diets had greater plasma 3MH compared with Control 
steers, indicating they had greater fractional protein catabolism.  Steers fed negative DCAD with 
High Cl, but not those fed High S had reduced intracellular fluid volume compared with Control.  
Adding supplemental cations to High S diets to create positive DCAD did not mitigate the 
increase in 3MH (protein catabolism), suggesting another mechanism by which high diet S 
effects protein turnover in growing steers.
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 The dramatic increase in ethanol production from corn in the United States since 2005 
has put upward pressure upon corn prices while generating large quantities of distillers grains 
with solubles (DGS) as a coproduct.  Early nutritional research with DGS in beef cattle finishing 
diets focused on using this commodity as a protein source.  As the supply increased and price 
eroded comparative to corn grain, nutritionists and cattle feeders began to include higher 
concentrations in finishing diets to replace corn and provide energy as well as protein.  One 
problem with feeding higher concentrations of DGS is the high sulfur content of this coproduct 
which has been associated with reduced feed intake, less weight gain, and the neurological 
disorder, polioencephalomalacia.  A majority of the sulfur in DGS originates from sulfuric acid 
used for sterilization of fermenters and front end equipment to produce ethanol as well as for 
cleaning steam evaporators which are used to condense light liquors and are prone to fouling 
with suspended solids over time.  Ethanol manufacturers are not unaware of the adverse effect of 
sulfur in DGS  but have been loath to change their production process for at least two reasons, 1) 
sulfuric acid is historically lower in cost per unit weight compared with DGS  and 2) there has 
been no economic incentive offered from the feeding industry for DGS with lower sulfur.  The 
forced symbiosis between feedlots and ethanol manufacturers is not likely to evolve in a positive 
direction quickly due to the lack of economic incentive for ethanol manufacturers to reduce 
sulfuric use and to produce a lower sulfur feed coproduct.  Therefore, there remains a need for 
the feeding industry to devise strategies to manage excess sulfur.  It is the focus of this work to 
evaluate the effect of adding cations to finishing diets with different levels of sulfur from 
distillers grains as one potential means of balancing the anion effect from sulfur.  Another part of 
this work will evaluate the effect of diet sulfur upon acid-base balance and body fluid 
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compartments in beef steers fed diets with either positive or negative cation-anion balances.                     
   
 
 
Thesis organization 
 
 This thesis begins with a literature review for research which sets forth the background, 
questions and hypotheses of the following work.  The work is presented as two research 
summaries written independently for submission to peer reviewed journals.  Preceeding the 
research summaries, there is a section describing methods of analyses. This is intended to 
provide more detail of the methods used that would otherwise be tedious if included in a journal 
paper. Following those is a short communication describing best practices for the analyses of 
bovine plasma urea, which will be useful for other researchers planning to do similar work.    
Finally, general conclusions close the remarks.  An appendix is attached with the raw data from 
the work.    
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Literature Review 
Sulfur in Cattle Nutrition When non-protein nitrogen began to replace natural sources 
of protein in ruminant diets, sulfur became limiting.  It was found that supplemental sulfur was 
needed when feeding non-protein nitrogen to allow rumen microbes to fully utilize ammoniacal 
nitrogen for protein synthesis (Van Soest 1994).  The objective of many earlier trials was to 
determine the minimum amount of sulfur needed as non-protein nitrogen was added to rations. 
More recently, the focus on diet sulfur level has reversed and researchers along with industry 
professionals have been concerned with overfeeding sulfur (Eng 1999).   Specifically, there is 
concern that marginally high levels of diet sulfur in modern feedlot rations can reduce cattle 
performance (Zinn et. al. 1997) and may predispose or cause a neurological disease, 
polioencephalomalacia (Gould et. al. 2002).  A good deal of research lends merit to these current 
concerns; however, the work has not been conclusive.  Prudence dictates reduction of excess 
sulfur in feedlot diets; however, this may limit the optimal or economical use of corn-based feed 
coproducts and other coproducts which contain high concentrations of sulfur.  Gould et. al. 
(2002) published survey results that showed a wide range in naturally occurring levels of sulfur 
within water and forages.Four hundred ninety eight water samples from 23 states ranged in 
sulfate content from less than 200 ppm to 7,600 ppm.  Seven hundred nine forage samples had 
sulfur contents ranging from 0.03 to 0.49% of dry matter.  More recently, in a survey of feedlot 
total mixed diets fed to cattle in Northwest Iowa, Dewitt et. al. (2008) reported diet cation-anion 
difference (DCAD) values ranged from -75 to +202 mEq/kg DM in finishing diets containing 
distillers grains . 
Sulfur absorption and excretion    Sulfur in diets may be absorbed as a sulfur amino acid, 
sulfates sulfoesters, sulfites, and sulfonimides.  Sulfate sulfur is not extensively absorbed across 
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the rumen wall but sulfide sulfur is rapidly absorbed from the rumen (Bray 1969).  Absorbed 
sulfide has toxic effects upon several enzyme systems and it is quickly metabolized by a 
combination of three pathways, oxidation, methylation and reactions with metalloproteins (Cole 
and Evroski, 200). The majority of sulfate is absorbed from the small intestine and primarily in 
the ileum (Smith et. al. 1981, Florin et. al. 1991) by active transport by exchange with sodium. 
The small intestine has a maximal absorptive capacity for sulfate (Florin et. al. 1991).  Urine is 
the primary route of sulfur excretion (Hansard et. al.  1969) for both inorganic sulfate intake as 
well as sulfur from amino acids (Magee et. al. 2004)  
Sulfur requirement  The body contains about 0.15% sulfur.  It is a component of amino 
acids cysteine, taurine, methionine, homocystein, of the B-vitamins thiamine and biotin and the 
antioxidant glutathione, and some inorganic sulfur (Underwood and Suttle 1999).  Although 
ruminants, like all animals, are not able to synthesize these compounds in their tissues; the rumen 
microbes produce all the essential amino acids and B-vitamins (NRC 200).  The rumen microbes 
can also use inorganic forms of sulfur, combined with ammoniacal nitrogen and keto-acids to 
form amino acids and bacterial proteins.  Sulfate is linked to biosynthetic pathways, either in the 
rumen or post-absorption, by the enzyme ATP sulfurylase to generate adenosine 5ʹ-
phosphosulfate (APS) from ATP and sulfate followed by the action of APS kinase which 
phosphorylates APS form 3ʹ-phosphate-5ʹ-phosphosulfate (PAPS) (Cole and Evroski, 200).      
A sulfur requirement at 0.20 percent of dry matter for lactating cows was set in the 2001 
Dairy NRC (NRC 2001).  A requirement for sulfur, especially in diets containing non-protein 
nitrogen can be clearly established from the literature. Chalupa et. al. (1971) fed a basal diet 
containing 0.04% sulfur with or without supplemental elemental sulfur (0.34, 0.94 or 1.72% total 
sulfur on a dry basis) to weanling Holstein calves for 77 days.  Calves that consumed the basal 
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diets had lower feed intake and daily gain compared with all other treatments.  They also had less 
blood as a percentage of body weight, smaller livers, spleens and testes compared with calves 
consuming 0.34% sulfur diets. In addition, the calves consuming the basal diets had larger brains 
and adrenals compared with those consuming 0.34% sulfur.  Sulfur deficiency leads to a lack of 
appetite, dullness and emaciation.  If not corrected, sulfur deficiency will eventually lead to 
severe emaciation and death. (Church 1988).  Evaluation of the requirement for sulfur in 
ruminant diets has been the focus of countless research trials for several decades.   
Sulfur Toxicity    It is recommended that 0.5% S  in the diet (DM basis) as the maximum 
tolerable level for cattle consuming high forage diets and 0.3% S in the diet (DM basis) for those 
consuming high concentrate diets (Beef NRC 2000).  Kandylis (1984) offered an excellent and 
thorough review of sulfur toxicity in ruminants.  Excess dietary sulfur has been shown to 
interfere with absorption of some trace minerals, especially copper, molybdenum and selenium.  
Sulfur, especially sulfate sulfur, is an electron acceptor in the rumen and much of can be 
chemically reduced to hydrogen sulfide which has been associated with decreased rumen 
motility and severe impairments of the nervous system such as those diagnosed as 
polioencephalomalacia.     
 Sulfur and Polioencephalomalacia     Polioencephalomalacia (PEM) is a neurological 
disorder characterized by necrosis of the cerebral cortex.  Pathogenesis of PEM has been linked 
with altered plasma thiamine level, lead poisoning, dehydration and dietary sulfur intake (Merck 
2012).   Ruminal sulfate can serve as an electron accepter and is chemically reduced to hydrogen 
sulfide, primarily by dissimilatory sulfate-reducing bacteria (Cummings et. al. 1995).  
Accumulation of hydrogen sulfide in the rumen has been associated with PEM (Gould et. al. 
1991).  McAllister et. al. (1997) reported 78% of all PEM cases in one feedlot (246 total) were 
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diagnosed in cattle 15 to 30 days after starting on feed.  The occurrence of PEM corresponded 
with measured ruminal sulfide concentration in a sample of cattle that showed higher sulfide 
level at three weeks compared with 2 months after starting on feed.    
Adding ionophores to diets has had no effect upon hydrogen sulfide production at various 
sulfur levels (Smith et. al. 2010, Quinn et. al. 2009) even though they are recognized to reduce 
the production of hydrogen (electrons) in rumen fermentations.   
Sulfur Intake and Animal Performance    The in-vitro requirement for sulfur by mixed 
rumen microorganisms for optimum cellulose digestion has been reported to be 10-20 ug/ml 
(Trenkle et. al. 1958), 75 ug/ml (Evans and Davis 1966), and the equivalent of 0.17% of DM 
(Barton et. al. 1971).  Kennedy et. al. (1971) reported  a sulfur requirement of 3-5 ug/ml to 
maximize starch digestion by mixed rumen microorganisms in vitro.        
 The maximum tolerable sulfur level was set at 0.5% S  in the diet (DM basis) for cattle 
consuming high forage diets and 0.3% S in the diet (DM basis) for those consuming high 
concentrate diets in the Beef NRC (2000).  Exceeding this recommendation often results in 
reduced performance as measured by weight gain or milk production.  Thompson et. al.(1972) 
reported feed consumption of beef steers receiving a high concentrate basal diet was reduced 
when sulfur level was increased from 0.12% to 0.36% in two separate experiments.  However, 
several trials have suggested an even lower level than that set forth by the NRC (2005) may be 
appropriate in feedlot cattle rations.  Zinn et. al. (1997) reported that heifers fed high concentrate 
diets supplemented with ammonium sulfate to equal 0.25% total sulfur gained 20% less weight 
and consumed less feed compared with heifers fed diets containing 0.20% total sulfur.  Richter 
et. al. (2012) reported a 10% decrease in average daily gain and no change in feed intake by 
steers consuming high energy finishing diets when sulfur content was increased from 0.3 to 0.6% 
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of the diet dry matter by addition of sodium sulfate. Uwituze et. al. (2011) fed diets containing 
DGS treated or not with H2SO4 to increase sulfur (DM basis) in experimental diets from from 
0.45% to 0.65%.  Steers consuming higher sulfur diets (from added H2SO4) had 8.9% less DMI, 
12.9% less ADG and no difference in G:F.  Spears et. al. (2011) reported diets with 0.46% sulfur 
(DM basis) fed to steers, reduced ADG and tended to reduce DMI in high roughage, growing 
diets as well as in high concentrate, finishing diets.   
 Several reports provide contrasting data to the level of tolerable dietary sulfur.  Chalupa 
et. al. (1971) fed diets containing up to 1.72% sulfur, using elemental sulfur, to weanling 
Holstein calves for 77 days without any negative effects on feed intake or weight gain.  In a 
separate trial, Chalupa et. al. (1973) formulated diets containing 0.13, 0.28 or 0.64% sulfur by 
adding either sodium sulfate or elemental sulfur to the basal diet.  After an 84-day feeding trial, 
dry matter intake and weight gain of Angus steers (186 kg) was not affected by sulfur level.  
Rumsey (1978) fed high concentrate diets varying in total sulfur (0.14, 0.32, 0.63 or 1.41%) from 
sublimed sulfur to beef steers (236 kg) for 28 weeks.  Feeding of the diet containing 1.41% 
sulfur was discontinued after 10 weeks due to low feed intake and weight loss in steers. 
However, ADG and F:G was not different between steers fed the other three diets.  In a second 
trial, Rumsey (1978) used the same basal diet with or without added sulfur (.32% total diet 
sulfur) to finish steers (359 kg) which had either been implanted with Synovex-S or not,  in a 
factorial design.  Implanted steers grew faster but there was no interaction between implant and 
sulfur level.  Feeding either 0.14 (basal diet) or 0.32% sulfur had no effect on ADG or F:G by the 
steers.   
Variability of the effects of added sulfur to ruminant rations on animal weight gain and 
feed efficiency among research trials is likely caused, in part, to the form of supplemental sulfur 
8 
 
used. The form of sulfur can greatly affect the degree to which it is absorbed by the animal.  
Elemental sulfur is less digestible compared with sulfate forms (Kahlon et. al. 1975a) and 
solubility of sulfate salts can affect their absorption (Bouchard and Conrad,  1973b). 
 Sulfur effects on ruminal metabolism    High levels of diet sulfur have been related with 
an increase in the propionate to acetate ratio in rumen fluid (Zinn et. al. 1997, Thompson et. al. 
1972, and Promkot and Wamapat, 2009).  Zinn et al. (1997) reported that steers consuming diets 
with 0.25% sulfur had lower ruminal acetate production and higher propionate production 
compared with steers fed diets containing either 0.20 or 0.15% sulfur. Thompson et. al. (1972) 
reported that steers fed 80% concentrate diets with supplemental sulfur (0.36% total diet S) had 
significantly higher molar proportions of propionate to acetate in trial one and a tendency (P < 
0.10) for greater propionate:acetate ratio in the trial two, compared with steers consuming 0.12% 
sulfur.  Promkot and Wanapat (2009) reported a trend for increased ruminal propionate 
concentration in diets containing 0.4 compared to 0.15% S (DM basis).  Luepp et. al. (2009) 
showed a linear increase in propionate concentration in steers fed increasing levels of DGS (and 
presumably, S). Drewnowski et. al. (2012) reported greater rumen propionate as a percentage of 
total VFA at day 56 and trend for greater propionate at day 155 in steers consuming high 
concentrate diets with either 0.6 vs. 0.3% S.   However, Kung et. al. (1998) reported no effects of 
sulfur concentration or form on total volatile fatty acid production or ratio of propionate to 
acetate when diets containing 0.25% or greater than1.0% sulfur in several inorganic forms were 
incubated in two in-vitro experiments.         
 In addition to changes in the acetate to propionate ratio, researchers have also reported a 
decrease in rumen lactic acid concentration when cattle or sheep are fed diets with added sulfur 
(Uwituze et. al. 2011, Rumsey 1978, Whanger and Matrone 1965).  Rumsey (1978) challenged 
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steers with rumen acidosis by withholding feed for 96 hrs and then allowing free access to high 
concentrate diets that differed in sulfur concentration (0.14, 0.32 or 0.63%).  Steers consuming 
diets containing 0.32 and 0.62% sulfur had lower peak ruminal D- and L-lactic acid 
concentrations compared with steers given the basal diet containing 0.14% sulfur.  Two 
pathways for production of proprionate in the rumen are recognized, the dicarboxylic acid 
pathway and the arylate pathway (Church 1988).  Sulfur is needed for the acrylate pathway of 
conversion of lactic acid to propionate (Whanger and Matrone 1965) and sulfur deficient diets 
have been shown to result in an accumulation of lactate in the rumen (Whanger and Matrone 
1966). Moderate levels of diet sulfur may be influential preventing rumen lactic acidosis or 
subacute rumen acidosis.  Polioencephalomalacia has been reported in sheep fed diets intended 
to induce PEM (Lusby and Brent 1972) and rumen acidosis may predispose ruminants to PEM 
(Brent 1976) due to ruminal thiaminase activity (Sapienza and Brent 1974).  
Effects of sulfur on  dietary cation-anion difference.    Absent from most evaluations of 
optimal sulfur level in feedlot diets is the affect which sulfur has upon (DCAD).  The term 
DCAD refers to the balance of metabolically active, strong ions in the diet and is typically 
expressed as millequivalents of (Na
+ 
+ K
+
) – (Cl- + (SO4)
2-
) per unit of dry matter.  Tucker et. al. 
(1991) demonstrated the responses of dry matter intake, milk yield and acid-base status (blood 
pH, Cl and bicarbonate concentrations) to sulfur (from the double sulfate of potassium and 
magnesium) and chloride were similar in Holstein cows.  Low roughage, high concentrate 
feedlot rations have a low DCAD, but the DCAD of feedlot diets is seldom considered during 
formulation or experimentation.  The most recent Nutrient Requirements of Beef Cattle (NRC, 
2000) does not mention any specific requirement or optimal DCAD; however, there is research 
that indicates DCAD may have important effects on DMI and weight gain.  Ross et. al. (1994a) 
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formulated 4 high concentrate diets with DCADs of 21, 152, 272 or 462 mEq*kg
-1
 DM 
calculated as: [Na
+
] + [K
+
] – [Cl-].  Average daily gain and dry matter intake of steers consuming 
the diets were increased in a quadratic response to DCAD.  Steers consuming a diet with 152 
mEq*kg
-1
 DM had the highest gain. In a second trial, Ross et. al. (1994b) varied the DCAD in 
corn silage rations fed to growing steers (21, 166, 356 or 467 meq / kg DM).   A quadratic 
response in average daily gain was observed with steers consuming diets with either 166 or 356 
mEq*kg
-1
 DM having the highest weight gains for the 84-day feeding trial.  Other workers 
(Jackson et. al. 1992) reported a quadratic response in feed intake and average daily gain in dairy 
calves fed diets ranging in DCAD from 0 to 520 mEq*kg
-1
 DM.  Dry matter intake by lactating 
dairy cows increased linearly when DCAD was increased from 120 to 450mEq*kg
-1
 (West 
1992).  Roche et. al. (2005) reported no differences in dry matter intake by cows consuming diets 
with DCAD ranging from 230 to 880 mEq*kg
-1
.  
In spite of experiments demonstrating improvements in body weight gain and feed intake 
resulting from increased DCAD ( Ross et. al. 1994a, Ross et. al. 1994b,  Jackson et. al. 1992) the 
importance of DCAD has not been clearly established.  In a series of experiments to evaluate 
DCAD in cattle finishing diets, Luebbe et. al. ( 2011) reported no difference in average daily 
gain, dry matter intake or feed to gain efficiency among steers consuming diets with either 
positive or negative DCAD ranging from -220 to +200mEq*kg
-1
 and containing distillers grains.  
Interestingly, one trial containing no distillers grains resulted in a linear decrease in dry matter 
intake as DCAD was reduced from +80  to -220mEq*kg
-1
.  In none of these experiments did 
sulfur exceed 0.30% of the dry matter in any treatment diet.  The authors postulated inclusion of 
distillers grains in diets masked the bitterness of anionic salts and increased palatability. 
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Excess sulfur and metabolic acidosis    Any solution, such as body fluids, is defined as 
acidic when its hydrogen ion concentration is greater than its hydroxyl ion concentration 
(Stewart 1981).  At 25
0
C, pure water has a dissociation constant equal to 1 X 10
-14 
Eq/L.  This 
means at this condition, the hydrogen ion and hydroxyl ion concentrations are each equal to 10
-7
 
(their product equaling 10
-14
 Eq/L) while the remaining ions are associated in a water molecule 
(as opposed to being dissociated in ion form).  The negative log of the inverse hydrogen ion 
concentration of pure water at 25
o
C calculates to be 7.0 and considered neutral on the unit-less 
scale commonly known as pH.  The pOH of pure water at 25
0
C is also 7.0.  Changing 
temperature has a marked effect upon the dissociation constant.  At 37
o
C, body temperature, the 
dissociation constant of pure water is equal to 2.4 X 10
-14
 Eq/L.  A simple calculation shows that 
at this temperature, neutral pH is actually 6.6.  Plasma pH is tightly controlled near 7.4 by 
several buffering systems including the bicarbonate, phosphate, hemoglobin, and ammonia 
buffering systems.  Normal blood pH is alkaline and contains nearly 10 times less 
millequivalents of ionized hydrogen compared with water.         
Acidosis is defined as a condition in which there is excessive acid in body fluids (Ganong 
2001). Metabolic acidosis is a condition marked by an increase acid load in the body caused by 
increased acid production, decreased acid excretion or a combination of these mechanisms 
(Ganong 2001).  Metabolic acidosis can be classified as systemic or respiratory, depending upon 
etiology.  Causal examples of systemic metabolic acidosis include lactic acidosis, ketoacidosis, 
chronic renal failure, and ingestion of alcohol, ammonium chloride, and toluene (Ganong 2001).  
Respiratory acidosis can be induced by feeding or otherwise administering acetazolamide or 
other compounds which disrupt pulmonary gas exchange (Heller et. al. 1968, Zhang et. al. 2001, 
Byers et. al. 1962).  Prolonged or acute acidosis can lead to acidemia (blood pH < 7.35), coma 
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and possibly death.  In the ruminant, much attention has been directed toward study of the 
etiology and prevention of lactic acidosis.  Owens et al. (1998) provided an excellent review of 
acidosis in cattle.       
Evaluation of acid-base status is usually done using a blood samples due to ease of 
sample collection.  Blood volume constitutes from about 3 to  5% of total body weight and 5 
to8% of total body water (Hix 1959).  It is also highly buffered, meaning blood pH is not a good 
indicator of overall acid-base balance.  Traditionally, clinicians have evaluated acid-base balance 
employing the Henderson-Hasselbalch equation:  pH = pKi + log ( [HCO3] / solubility of PCO2).  
The factor, PCO2 is an independent measure of respiratory effects while bicarbonate 
concentration is reflective of and dependent upon the balance of strong ions and strong cations in 
plasma.  This approach works well under normal physiological conditions but it is mostly 
qualitative and provides no information about the possible mechanism causing an acid-base 
imbalance.  Stewart (1981) proposed a more comprehensive model wherein plasma pH was the 
result of three independent factors, strong ion difference (SID), PCO2, and Atotal (plasma 
concentration of non-volatile buffers).  The first two, SID and PCO2, have, by far, the greatest 
effect upon pH of plasma (or any body fluid).  Diet sulfur is absorbed primarily as sulfate and 
affects the SID of body fluids and the acid-base balance in the body.      
Hydrogen ion concentration in body fluids (pH) is a dependent variable determined 
primarily by partial pressure of CO2 (PC) and strong ion difference (Stewart, 1981).  Strong ion 
difference is the difference between the concentration of strong cations (sodium, potassium, 
calcium, and magnesium) and anions (chloride, lactate, sulfate, keto-acids, non-esterified fatty 
acids, and others).  The body is an open system for CO2 as it is produced constantly by 
metabolism in cells and eventually diffuses into alveolar gas.  The partial pressure of CO2 in 
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body fluids is set by the balance between metabolism and respiration and is therefore an 
independent variable that imposes itself upon extracellular fluid.  In addition to PC and SID, 
blood plasma is highly buffered by several systems (Ganong 2001).  Blood plasma represents 
only about 6.5% of the total body fluid (Hix 1959) but it is most commonly used for collecting 
samples for clinical analyses.  The body is an open system and the concentrations of independent 
variables which affect pH are continuously changing within narrow physiological ranges by 
coordination between the respiratory system, kidneys, and buffers systems (Ganong 2001).  
Further compartmental acid-base balance, e.g. intracellular, vs. extracellular, is subject to 
absorption of ions across membranes and is not simply a passive response.  The optimal function 
of enzymes is pH sensitive and the intracellular pH or acid-base balance may have significant 
affects upon enzyme function and cellular metabolism references.                 
A negative DCAD causes metabolic acidosis may lead to both humoral and hormornal 
responses which can affect growth and production of livestock.  Blood bicarbonate buffers acid 
loads and its concentration is correlated well with DCAD (West 1992;Roche 2005).  Plasma Cl 
declined as DCAD increased (Roche 2005) and chloride is an important ion in the exchange of 
bicarbonate across the membranes of red blood cells (Chloride shift or Hamburger’s 
phenomenon; Ganong, 2001). Diets with a negative DCAD have been shown to reduce the 
incidence of acute hypocalcemia in dairy cows  due to a higher concentration plasma calcium 
immediately prior to and after parturition (Dishington 1975, Block 1984, Goff et. al. 1991).  
Feeding diets with a negative DCAD causes changes in parathyroid hormone in dairy (Goff et. 
al. 1991) along with higher 1,25 dihydroxyvitamin D concentrations in dairy cows (Phillippo et. 
al. 1994).    Metabolic acidosis has been shown to increase skeletal muscle protein breakdown in 
rats (May et. al. 1985) 
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Metabolic acidosis has been associated with increased plasma cortisol concentration 
(Espino et. al. 2005) which may cause an increase in skeletal muscle protein breakdown (Kraus 
and Friedmann 1984).  In an experiment designed to measure skeletal muscle protein metabolism 
in steers implanted with anabolic steroids, Hayden et. al. (1992) reported no reduction in protein 
breakdown  in steers treated with trenbalone acetate while they had lowered cortisol levels.  This 
result suggests circulating cortisol is not associated directly with fraction breakdown rate of 
skeletal muscle protein.   
3-Methylhistidine (3MH) is a product of myofibrilar muscle protein breakdown and can 
be used to indicate protein catabolic rates (Ballard 1983,  Bergen et. al. 1987).  Nishizawa (1979) 
reported more than 93% of the total 3-methylhistidine in cattle tissues occurred in skeletal 
muscle proteins.  The putative view is that 3-methylhistidine from non-skeletal muscle sources 
has minimal effect when quantifying fractional catabolic rates of muscle protein.   3-
Methylhistidine is produced by methylation of histidine residues post-translationally (Krzysik et. 
al. 1971).  In cattle, rats and humans, 3MH is not reabsorbed by the kidney or oxidized in-vivo 
(Harris, 1981,  Yooung et. al. 1978), making it an ideal marker for indexing skeletal muscle 
breakdown.  Plasma concentration of 3-methylhistidine was unchanged immediately and for 24 
hours postprandial in lactating dairy cows (Blum et. al. 1985).  Release of 3MH does increase 
over time in growing animals (Nishizawa et. al. 1979)   
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 Infusing a mineral acid into the blood of animals caused a movement of intracellular 
potassium into the extracellular fluid space (Swan and Pitts 1955, Tobin 1956).  Ammonium 
chloride-induced acidosis caused a negative potassium balance and hypokalemia in cats (Ching 
et. al. 1989, Dow et. al. 1990).  The loss of intracellular potassium is likely an attempt to buffer 
plasma hydrogen ion concentration in favor over intracellular homoestasis.     
Sulfates in drinking water    Sulfates in drinking water present a special problem for cattle 
producers reference.  Sulfate-sulfur in water contributes to total sulfur intake by animals along 
with sulfur in feed and affects the acid-base balance of animals references.  Loneragan et. al. 
(2001) provided water  that ranged from 136 to 2,360 mg/L sulfate to feedlot steers fed a high 
concentrate diet during a 116 day feedlot trial.  Average daily gain and feed efficiency by steers 
decreased linearly as water sulfate concentration increased; however, dry matter intake was 
significantly affected.  As expected, water intake was positively correlated with ambient 
temperature.  In general, as temperature increases and the requirement for water increases, cattle 
are forced to consume more sulfate-S in the water references.  At the same time, feed intake may 
be decrease due to heat stress and sulfur will become a larger fraction of the total intake of strong 
ions, causing a tendency toward acidosis.  In this scenario, the potential effects of dietary cation-
anion balance in feedlot cattle performance are confounded by water sulfate concentration as 
well as total water intake.  Periods of hot weather and increased water requirement of cattle may 
require special attention to DCAD when water sulfate is high references.  In addition, younger, 
leaner cattle consume more water as a percentage of their body weight and as a percentage of 
their total feed intake which could make them more susceptible to high sulfate water compared 
with larger, fatter cattle references. McAllister et. al. (1997) reported the monthly incidence of 
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PEM in feedlot cattle consuming water containing 2,500ppm sulfate was greatest during months 
with hot weather.   
    
Methods of Analyses 
Feed samples.  Samples of totally mixed rations (approximately 700g) were stored frozen 
(-4
o
C) within a few hours after collection.  Moisture content was determined by drying frozen 
feed samples in pre-weighed paper bags to a constant weight using a forced air oven set at 60
o
C 
for approximately 48 hr.  Dried feed samples were roughly ground to a particle size less than 
500mm using a Waring blender(Conair Corporation, Stamford, CT).  The coarsely ground 
samples were divided using a sample divider (Retsch GmbH., Haan, Germany) and from this, 
approximately 100 g was ground through a 2 mm screen using a Retsch centrifugal grinder.  
Moisture of the finely ground, laboratory feed samples was determined in duplicate by drying 
approximately 1 g in a forced air oven set at 130
o
C for 2 hours using Coors crucibles.  
 Wet ashing for mineral analyses.  Feed samples were prepared for mineral analyses by 
wet ashing with nitric acid (Clegg, M. S., et. al., 1981).  Approximately 1.5 g of dried and 
ground sample was accurately weighed into a 100 ml glass beaker in triplicate for each sample.  
Samples were ashed with 20 ml of nitric acid for three hours on a hot plate at approximately 
400
o
C.  Digests were filtered (Whatman 54) and brought to a volume of 100 ml using ultra-pure 
water (18.2 ohm).     
Minerals Analyses.  Analyses of sodium and potassium in wet ashed, feed samples were 
performed on a Varian AA240FS flame atomic absorption spectrophotometer utilizing an air-
acetylene flame (Agilent Technologies, Santa Clara, CA).    Settings for sodium analysis were; 
lamp current 5 mA, wavelength 589.0 nm, and slit width 0.5 nm.  Settings for potassium analysis 
were; lamp current 5 mA, wavelength 766.5, and slit width 1.0 nm.  All glassware was rinsed 
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with 10% nitric acid followed by ultra-pure water before analyses. Five point calibrations were 
conducted for each analyte.  Sodium standards equaled 0.0625, 0.125, 0.25, 0.5 and 1 mg/L and 
potassium standards equaled 0.125, 0.25, 0.5, 1.0 and 2.0 mg/L.  Standards were made from 
purchased stock solutions (1 mg/ml, Acros Organics, Geel, Belgium).     
Total sulfur content of feeds was analyzed as sulfate-sulfur using the digests from wet 
ashing. Samples were combined with barium chloride and their absorbance (turbidity of 
insoluble barium sulfate) measured at 440nm (Butters et. al. 1959).  For analysis, 3 ml of sample 
or standard were combined with 0.5 ml of a conditioning solution and 0.5 ml of 10% barium 
chloride.  The conditioning solution was made by dissolving 150 g sodium chloride in 600 ml 
water followed by addition of 60 ml concentrated hydrochloric acid, 100 ml glycerine and 200 
ml of 96% isopropyl alcohol.  The conditioning solution was stable for several weeks and barium 
chloride solution was made daily.  A standard stock solution was made with dried potassium 
sulfate to equal 1,000 mg/L S.  From this, standards were made to equal 10 mg/L to 50 mg/L.         
Chloride was analyzed by titration with silver nitrate in the presence of potassium 
chromate indicator according to AOAC Official Method 928.02 (AOAC, year).  Soluble chloride 
was extracted from samples by combining 25 g ultra-pure water with 5 g of sample in a 50 ml 
capped tube.  Tubes were shaken well and kept overnight.  Soluble chloride was measured the 
next day. 
Blood components.  Blood samples were taken from the jugular vein of each steer at the 
planned time of sampling during each trial and whole blood samples were transferred to 
evacuated plasma tubes containing lithium heparin as an anti-coagulant.   
Blood plasma was analyzed for seventeen components using an Ortho Vitros (Ortho-
Clinical Diagnostics, Inc., Rochester, NY) 5.1 Chemistry Analyzer (analyzed in the Iowa State 
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University Veterinary Diagnostics Laboratory).  These were sodium, potassium, chloride, 
bicarbonate (eCO2), calcium, phosphorus, magnesium, blood urea nitrogen, creatinine, glucose, 
total protein, albumin, aspartase aminotransferase, creatine kinase, alkaline phosphatase, gamma-
glutamyl transpeptidase, and total bilirubin.      
Plasma Nt-methylhistidine and creatinine were analyzed by Metabolic Technologies, Inc. 
Ames, Iowa using the method described by Rathmacher (Rathmacher et. al. 1992.)  
Analysis of plasma urea was done colormetrically by reaction with diacetyl monoxime 
(Fearon 1939, Butters 1959).  Proteins were precipitated by combining 0.5 ml plasma with 1 ml 
acetonitirile into 2.0 ml centrifuge vials (Daykin et. al. 2002)..  The vials were capped and 
shaken for 60 seconds before centrifuging them for ten minutes at 3,250 X g.  Supernatants were 
analyzed for urea directly by combining 100 ul of sample with 3 ml of diacetyl monoxime 
reaction solution.  The standards were 3.125, 6.25, 12, 25 and 50 mg/dl urea which provided 
between 3.125 and 50 ug of urea per analyses.  
 The supernatants from samples prepared for urea analyses were also used to measure 
thiousulfate concentration. Thiosoulfate was analyzed using an ion chromatograph (Thermo 
Scientific Dionex, Sunnyvale, CA) with an IonPac AS18 4 mm column and the following 
conditions: 39 mM potassium hydroxide eluent, 30
o
C column temperature, 1.0 ml/min flow rate 
and 20 uL injection volume.  Sample preparation consisted of combining 0.5 ml of plasma with 
1.0 ml of acetonitrile in 2 ml centrifuge tubes to precipitate proteins.  Tubes were shaken for 60 
seconds and centrifuged at 3,250 X g for ten minutes.  Thiosulfate standards were made using 
sodium thiosulfate to equal 0.625, 1.25, 2.5, 5.0, and 10,0 mg/dl as thiosulfate.  All samples and 
standards were prepared the same before injection.  The method was validated by running a 
standard, a sample of plasma from a previous trial without thiosulfate in and the same sample 
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spiked with thiosulfate.  The thiosulfate peak was identified from the standard and was well 
separated in the plasma sample with no interfering peaks.  Running a 5 point calibration with the 
standards resulted in a linear response using peak height.  To validate recovery of thiosulfate 
from plasma samples, 6 samples from a previous trial were spiked (0.5 ml plasma + .05 ml 1000 
ppm thiosulfate) and deproteinized with acetonitrile before analyses.  Table 1 shows the results 
and validates acceptable accuracy and precision of the current method.   
 
Table 1.  Recovery of thiosulfate from spiked plasma samples. 
 Replicate plasma sample   
Item 1 2 3 4 5 6 Mean CV 
Thiosulfate 
recovery, 
g/g.  
0.94 0.95 0.97 0.84 0.96 1.02 0.95 6.25 
 
 
Plasma sulfate-sulfur and chloride were measured simultaneously with thiosulfate using 
the same method on the ion chromatograph.  
 Total body water, urea space, was calculated by dividing quantity of urea in the infusate 
by the difference in plasma urea nitrogen between just prior to infusing and at 12 minutes post 
mid-infusion (Hammond et. al. 1984).  Plasma volume was estimated as the space into which 
Evan’s Blue dye diluted into at sample time 3 minutes.  It was calculated by the formula:  
Liters of Plasma = (Evans Blue in injection solution, ppm / Evans Blue in plasma, ppm) * L 
solution injected.  
Extracellular space was estimated as thiosulfate space, which was calculated using the formula: 
Liters extracellular water (L ECW) = mg thiosulfate injected / mg thiosulfate per L in plasma at 
0 minutes.   
Time zero concentration of thiosulfate was calculated by extrapolation after applying a two 
compartment model to the eight time point samples.   
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Abstract 
  Corn distillers grains with solubles (DGS) is a major feed commodity ingredient 
used by the U.S. cattle feeding industry.  Increasing dietary levels of DGS increases sulfur 
intake.  Excess sulfur in finishing diets has been associated with reduced dry matter intake 
(DMI), body weight (BW) gain, and a negative dietary cation-anion difference (DCAD). The 
potential of supplemental cations to increase DCAD and improve performance of cattle 
consuming finishing diets containing MDGS was investigated.  In a completely randomized 
block design, 186 crossbred steers (342 kg ±4.80) were blocked by weight, allotted to 28 pens, 
and assigned to one of seven treatments with 3 levels of wet, MDGS (25, 50, 75% of DM)  
supplemented or not with added cations.  A Control diet contained no MDGS.  Steers were fed to 
appetite twice daily (0800 and 1500 hr). On d 56, blood samples were collected prior to the 
morning feeding from each steer and analyzed for components.  Steers were harvested at d 170 
of the trial. Increasing DCAD with added cations reduced the metabolic acid load of steers as 
evidenced by reduced blood Cl and increased bicarbonate concentrations, but had no effect upon 
DMI, BW gain, or carcass characteristics. Steers fed MDGS did not differ compared with 
Control steers in ADG, DMI or G:F.  Increasing the level of MDGS above 25% in diets resulted 
in a linear decrease in ADG, a quadratic decrease in DMI, and a trend towards a quadratic 
increase in F:G.  Supplementation of finishing diets containing MDGS with sodium and 
potassium to increase DCAD is not an economical management tool to improve performance.  
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Cattle fed diets with moderately negative DCAD caused by sulfur in MDGS are able to buffer 
the added acid load without loss of performance.  Reductions in ADG and DMI with increasing 
level of MDGS are not due to reductions in DCAD.  
Introduction    
 Production of large quantities of corn distillers grains plus solubles (DGS) (Hoffman and 
Baker 2011), has led to research focused on feeding increasing levels of DGS in feedlot rations. 
On a dry basis DGS is a good source of  protein (30%), fiber (38% NDF) and fat (10%), but it 
also contains considerable sulfur (0.7 – 1.0%) which can be problematic for ruminants.  Levels 
of inclusion of DGS exceeding about 20% of diet DM in most rations result in protein being 
overfed and excess sulfur intake.  Excess protein is used as an energy source while excess sulfur 
may present problems such as predisposition to polioencephalopathy (PEM; Gould et. al. 2002) 
and a negative diet cation-anion difference (DCAD).  It is recommended in the Beef NRC (2000)  
sulfur not to exceed 0.4% of the diet dry matter in high grain diets fed to cattle.  In practice, most 
nutritionists have attempted to keep sulfur as low as 0.2% (Zinn et. al. 1997).  Current use of 
coproduct feedstuffs make that target difficult to reach.  Finishing diets with various levels of 
DGS inclusion  have shown DDGS to contain greater feeding value than corn alone (Trenkle 
1996, Trenkle 1997, Ham et. al. 1994).  In a meta-analysis, Klopfenstein et. al. (2008) reported 
ADG and DMI responded quadratically to DGS inclusion level and were maximized at about 
30% of DM.   
In spite of the value of DGS in feedlot diets,no report of DCAD in these studies was 
provided (Trenkle 1996, Trenkle 1997, Ham et. al. 1994).  A negative DCAD  has  reduced ADG 
and DMI in finishing cattle (Luebbe et. al. 2011).  A survey of totally mixed rations containing 
DGS fed to fattening cattle in Northwest Iowa reported DCAD ranged from -35 to +125 
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millequivalents per kilogram (Dewitt etal., 2008).  Therefore, high levels of DGS may reduce 
ADG and DMI. 
The objective of this trial was to evaluate the effects of feeding increasing levels of wet, 
modified distillers grains with solubles (MDGS) with or without added cations upon  DCAD, 
ADG, DMI and carcass characteristics of beef steers fed high concentrate diets.  Our hypothesis 
was that negative DCAD would reduce ADG and DMI and that supplementing negative DCAD 
diets  with cations would attenuate declines in ADG and DMI. 
Materials and Methods 
 All procedures for animal use in this experiment were reviewed and approved by the 
Institutional Animal Care and Use Committee at Iowa State University.  
One hundred eighty-six head of crossbred steers (342 ± 4.8 kg) were blocked by weight, 
allotted to 28 pens, and assigned to one of seven treatments with 3 levels of  wet MDGS 
supplemented or not with potassium and sodium along with a control diet containing no distillers 
grains (Table 1) in a completely randomized block design.  The treatment diets were the control 
diet, diets containing 25% MDGS with or without added sodium and potassium cations, 50% 
MDGS with or without added cations, and 75% MDGS with or without added cations. Sodium 
and potassium were supplemented as sodium bicarbonate and potassium carbonate, respectively, 
to equal 0.5% of the total diet DM each and to provide 59 and 72 mEq*kg
-1
 DM, respectively.   
Corn was processed in a roller mill to break  a majority of the kernels.  The mixed grass hay was 
ground through a 5-cm screen.  The concentrate portion of the diet, minus MDGS, was prepared 
as a mix and weighed separately from the ground hay and distillers grains in a mixer wagon.  
Amounts of feed offered the cattle were increased until their appetites were satisfied after which 
cattle were fed at an ad libitum level.  Orts were removed weekly, weighed and dry matter 
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determined.  Samples of each totally mixed ration were collected weekly and frozen for later 
laboratory analyses.  Rations were measured for moisture content, sulfur, potassium, sodium, and 
chloride.     
Steers were weighed on consecutive days prior to starting the trial and blocked by weight 
for allotment to diets. Steers were weighed every 28 d thereafter.  All steers were implanted with 
a combination of trenbalone acetate and estradiol (Component® TE-S) at the start of the 
experiment.  Blood samples were taken from the jugular vein of each steer prior to the morning 
feeding on day 56 after initiation of feeding the diets and transferred to evacuated plasma tubes 
containing lithium heparin as an anti-coagulant.   Blood plasma was analyzed for seventeen 
components using an Ortho Vitros (Ortho-Clinical Diagnostics, Inc., Rochester, NY) 5.1 
Chemistry Analyzer (analyzed in the Iowa State University Veterinary Diagnostics Laboratory).  
These were sodium, potassium, chloride, bicarbonate (eCO2), calcium, phosphorus, magnesium, 
blood urea nitrogen, creatinine, glucose, total protein, albumin, aspartase aminotransferase, 
creatine kinase, alkaline phosphatase, gamma-glutamul transpeptidase, and total bilirubin.  Steers 
were fed treatment diets until they visually assessed  to have 1.2 cm inch of backfat over the 12
th
 
rib and were  harvested in two groups on consecutive days for carcass measurements.  The 
following carcass characteristics were measured: ribeye area; hot carcass weight; backfat at the 
twelve rib; kidney, pelvic, and heart fat; yield grade; and marbling score.  Samples of each 
totally mixed diet were collected weakly and frozen for later laboratory analyses.  Diets were 
measured for moisture content, sulfur potassium, sodium, and chloride.  Diet cation-anion 
difference was calculated using the formula: (millequivalents of (Na
+
 + K
+
) – (Cl- + SO4
2-
)) * kg
-
1
 of DM.  A sample of the water used in the trial (Iowa State University Beef Nutrition Research 
Farm) was also analyzed for Na
+
 , K
+
 , Cl
-
 , and  SO4
2- 
content. 
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 Statistical analyses of all replicated data were done using the Mixed Procedure of SAS, v. 
9.3 (SAS Inst. Inc., Cary, NC) with pen as the experimental unit.  The experimental design was 
non-factorial because the Control treatment did not contain added cations or MDGS.  Therefore, 
the data were analyzed as a one-way ANOVA with 7 treatments.  Means were compared by least 
square means using Tukey adjustment. Main effects of Control vs. MDGS, Cation vs. No Cation, 
percent MDGS, Interaction of MDGS and Cation, linear effect of percent MDGS, and quadratic 
effect of percent MDGS were all analyzed using simple contrast statements.  Treatment effects 
were considered significant at a probability of P < 0.05.     
Results and Discussion 
 Samples of each totally mixed diet were collected once per week during the trial period 
and analyzed for minerals to calculate the cation-anion difference of each diet.  The mean cation-
anion difference for each diet during the first and second half  for the feeding period are 
presented in Table 2.  The DCAD of the diets was nearly as expected during the first half but the 
DCAD of all diets were positive in the second half of the feeding period.  The concentrations of 
Na
+
 , K
+
 , Cl
-
 , and  SO4
2 
 in the water were equal to 136, 21, 4.3 and 29.5 ppm, respectively and 
had a cation-anion balance equal to 4.4mEq * L
-1
.  Water intake was not measured in the current 
study, but this low cation-anion balance would not greatly shift the overall DCAD.  
The DCAD of each diet by week is shown in Figure 1.  The sulfur level of the distillers 
grains was high and consistent, averaging 0.79% of DM during the trial.  The hay was high in 
potassium (1.5 – 2.1% of the DM) and hay used during the second half of the trial contained 25% 
more potassium compared with the first half of the trial.  However, the potassium concentration 
in distillers grains was lower during the second half of the trial, resulting in no meaningful 
differences in potassium concentrations of the total mixed diets within treatments and between 
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first and second halves of the trial.  Sulfur and potassium had the largest influence upon DCAD 
in these diets because of their higher concentratios compared with chloride and sodium.  Sulfur 
content of diets within level of MDGS tended to decrease from first to second half of the trial 
which contributed to higher than expected DCAD during the second half.  The sulfur 
concentrations in the MDGS did not vary greatly; however the dry matter content of the 
modified MDGS product ranged from 49.95 to 64.22% (n=10) during the trial.  This range 
created extreme difficulty to maintain exact compositions of the diets containing MDGS.  In the 
diets containing 75% MDGS, every 1% deviation from expected dry matter of MDGS, lead to a 
4mEq*kg
-1
 shift (DM basis) in DCAD when weighing wet feedstuffs into the mixer wagon.   
 Analysis of blood samples collected on day 56 of the trial are shown in Table 3.  Steers 
consuming 75% MDGS without added cation diets had significantly lower plasma bicarbonate 
than steers fed the Control diet, implying that they had metabolic acidosis.  Bicarbonate is used 
to buffer the added acid load and others have reported decreased plasma bicarbonate with 
negative DCAD diets (Las et. al. 2007, Odongo et. al. 2009).  Control steers had higher plasma 
bicarbonate compared with those fed MDGS.  Steers with added cation had higher plasma 
bicarbonate compared with steers without added cation.  Plasma chloride did not differ among 
treatments except for steers consuming 75% MDGS without cation compared with those 
consuming 50% MDGS with added cation.  The main effect of cation supplementation was 
significant with steers consuming diets with added cations having lower plasma chloride levels 
compared with those without added cations.  As expected, blood urea nitrogen increased 
quadratically with increasing level of CP from MDGS and all values were within normal ranges 
for cattle (Huntington and Archibeque 1999, Yuangklang et. al., 2009).  Steers consuming 
MDGS had higher total protein and albumin compared with Control (Control vs. MDGS) and 
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both of these components increased quadratically with level of MDGS.   Creatine kinase activity 
highly significantly increased with feeding of MDGS and by level of MDGS (quadratic).  
Creatine kinase is found primarily in skeletal muscle and cardiac muscle (Ganong  2001). This 
enzyme will increase in serum as a result of muscle activity or cell death and is attenuated by 
blocking beta-andrenergic recepters (McVeigh et. al. 1983).  Creatine kinase has been reported to 
increase due to stress (McVeigh et. al. 1983, Nockels et. al. 1996), ionophore toxicity (Galitzer 
et. al. 1986), and intra-muscular injections (Fajt et. al. 2011) and as a result of severe lactic 
acidosis (Patra et. al. 1996).  The highest mean creatine kinase observed in the present study was 
378 units/L which is much lower compared with that reported for bulls (unfamiliar with each 
other) after 5 hours of stress due to pen mixing (> 1,200 units/L, McVeigh et al., 1983). Alkaline 
phosphatase was highly significantly reduced by feeding MDGS and by level of MDGS (linear 
and quadratic).  Alkaline phosphatase has been positively correlated with weight gain (Fletcher 
et. al. 1956, Kunkel et. al. 1954) while others have found no correlation (Kunkel et. al. 1953, 
Roubicek and Ray, 1974).  Alkaline phosphatase has a role in bone growth and metabolism and 
has been shown to increase after administration of growth hormone (Li et. al. 1946).  It is not 
clear how or why MDGS affects this enzyme.   The main effect of cation was significant only for 
chloride and bicarbonate, indicating that although steers consuming diets without added cations 
were acid-challenged, the acid load did not affect any other plasma components.  Inclusion of 
MDGS in diets and level of MDGS had greater effects  upon blood chemistry than did cation 
supplementation.      
 Feed intakes and weight gains of steers fed the seven diets is shown in Table 4.  During 
the first half of the trial, weight gain of steers consuming diets with a negative DCAD did not 
differ from steers fed the Control diet or those fed added cations.  Steers consuming 75% MDGS 
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without added cations had lower weight gains compared with steers fed 50% MDGS without 
added cations although both treatment diets had a negative measured DCAD.  Feed intake was 
lowest for steers consuming 75% MDGS without added cations compared with all other 
treatments except 75% MDGS with added cations which did not differ from any diet.  
Orthogonal comparison of means for daily gain during the second half of the trial showed  
no significant difference among treatments.  Main effect of feeding MDGS (Control vs. MDGS) 
showed a significant increase in daily gain for cattle diets containing MDGS.  As in the first half, 
added cations to the diet did not affect daily gain (P=0.78) but did tend to increase dry matter 
intake (P=0.10).  Steers did not differ in ending live weight except steers fed the diet containing 
75% DGS without cations weighed less than steers fed diet containing 25% MDGS without 
cations, 50% MDGS without cations and 50% MDGS with cations.  Diets containing MDGS and 
without added cations were generally negative in DCAD during the first half of the trial and 
those with added cations were positive in DCAD (Figure 1); however, the main effect of added 
cation was not significant for gain, DMI or feed efficiency.  During the second half, MDGS 
increased daily gain but daily gain decreased as level of MDGS increased.  Overall, adding the 
cations, sodium and potassium, to diets containing MDGS increased the DCAD of these diets but 
did not affect daily gain, DMI or feed efficiency of steers.  This is in agreement with Spears et al. 
(2011).  These workers concluded that DCAD did not affect the concentration of S that could be 
tolerated by cattle consuming a high-concentrate finishing diet.  . In this experiment, increasing 
the level of MDGS above 25%  in diets resulted in a linear decrease in daily gain and a quadratic 
effect upon DMI resulting in a trend towards a quadratic increase in feed efficiency (P = 0.07) as 
MDGS level increased.  Other workers have also reported a linear decrease in ADG in finishing 
cattle consuming similar levels of DGS (Depenbusch et. al. 2009, Luebbe et. al. 2012).  These 
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data also agree with Vander Pol et.al. (2006) who reported a quadratic response in DMI to level 
of DGS.   The lack of gain:feed response by steers to MDGS level is in contrast to Depenbusch 
et. al. (2009) and Luebbe et. al (2012) who reported linear decreases as DGS level increased.  
The lack of improvement in gain due to added cations  was unexpected, especially when 
balancing a negative DCAD. Ross et al. (1994a)  reported a quadratic response in ADG and DMI 
by steers consuming high concentrate diets with DCADs of 21, 152, 272 or 462 mEq*kg
-1
 DM 
resulting in steers consuming the diet with 152 mEq*kg
-1
 DM having the highest BW gain. In a 
second trial, Ross et al. (1994b) varied the DCAD in corn silage rations fed to growing steers (21, 
166, 356 or 467 mEq*kg
-1
 DM).  A quadratic response in ADG with steers consuming diets with  
166 or 356 mEq*kg
-1
 DM having the greatest BW gains.  Other workers (Jackson et al. 1992) 
reported a quadratic response in feed DMI and ADG in dairy calves fed diets ranging in DCAD 
from 0 to 520 mEq*kg
-1
 DM.  The DCADs in the present trial had a much more narrow range 
than these previous studies; however, considering the reports of growth response to DCAD in the 
literature,  balancing a negative DCAD with cations was expected to elicit a positive growth 
response. One possible explanation for the lack of a growth response to DCAD may be the 
higher levels of CP in diets with MDGS may have buffered the increased acid load by increased 
ammonium production in the rumen. Goff et. al. (2004) reported dietary NH4Cl was not as strong 
of an acidifier, measured by urine pH, in cows compared with HCl.  These authors suggested the 
traditional DCAD equation (Na + K) – (S + Cl) should be amended with additional cations 
including ammonium. In a review of CP  levels in finishing diets, Galyean (1996) proposed 
higher CP intake along with increased absorption of ammonia and amino acids in the small 
intestine, may lead to a systemic buffering effect as renal ammonium (NH3
+
  + H
+
) excretion 
increases.   In the current trial, as MDGS level increased, BUN increased along with sulfur, 
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thereby, possibly attenuating acid-base imbalance by acting as a systemic buffer.  Sulfate 
absorption capacity in the small intestine may be over-loaded when SO4 is fed at higher levels 
(Florin et. al. 1991).  Goff et. al. (2004) reported SO4 was less effective as an acidifier compared 
with chloride anions, measured as blood and urine pH responses, as levels of each increased in 
the diet.  The majority of sulfate is absorbed in the small intestine and primarily in the ileum by 
active transport with sodium exchange (Smith et. al. 1981, Florin et. al. 1991). It’s possible that 
as MDGS and sulfur concentrations in the diets were increased, the marginal effect of sulfur 
upon acid-base balance declined. 
 Hot carcass weights of steers consuming MDGS tended to be greater compared with 
Control (P = 0.07) and were unaffected by added cations or DCAD.  Level of MDGS above 25% 
linearly decreased HCW of steers.  Others have reported higher HCW in cattle fed DGS (Luebbe 
et. al. 2012) as well as a linear decrease in HCW of steers fed DGS at levels similar to those fed 
in this trial (Depenbusch et. al. 2009, Luebbe et. al. 2012).   Steers consuming 75% MDGS 
without added cation had lower carcass weight than steers fed the diet containing 50% MDGS 
without added cations.  There was a quadratic effect for backfat at the 12
th
 rib with steers 
consuming 50% MDGS having the most. Others have reported linear declines in 12
th
 rib fat 
thickness with increasing level of DGS (Depenbusch et. al. 2009, Luebbe et. al. 2012).   Ribeye 
area (REA) per carcass weight tended to increase with MDGS level (P = 0.07).  However, steers 
consuming the diet containing 75% MDGS without added cations had a larger REA per carcass 
weight than  steers fed diets containing 50% MDGS without added cations or 25% MDGS with 
added cations.  Marbling score was not affected by treatment in the current trial.  This is in 
agreement with Vander Pol et.al. (2006) but in contrast to Luebbe et. al. (2012) and Depenbusch 
et. al. (2009) who reported linear and quadratic decreases in marbling, respectively, as DGS level 
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increased.  Schoonmaker et al. (2010) also reported decreased marbling in steers fed DGS.  
There was a strong tendency for increased YG (P = 0.05) and steers fed 50% MDGS without 
added cations had higher YG compared with Control.  There were no treatment difference for 
dressing % or KPH fat. All other carcass parameters were not affected by treatment 
In summary, steers fed MDGS did not differ compared with Control steers in ADG, DMI 
or G:F.  Increasing the level of MDGS above 25% in diets resulted in a linear decrease in ADG, 
a quadratic decrease in DMI, and a trend towards a quadratic increase in F:G.  Supplementation 
of finishing diets containing MDGS with sodium and potassium to increase DCAD is not an 
economical management tool to improve performance.  Cattle fed diets with moderately negative 
DCAD caused by sulfur in MDGS are able to buffer the added acid load without loss of 
performance.  Reductions in ADG and DMI with increasing level of MDGS are not due to 
reductions in DCAD.  
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Table 1.  Composition of experimental diets, DM basis. 
  No added cation Added cations
1
 
Item 
Contr
ol 
25% 50% 75% 25% 50% 75% 
Corn 81.70 61.50 36.50 11.50 62.50 37.50 12.50 
Modified Distillers 
Grains with 
Solubles 
 25.00 50.00 75.00 23.00 48.00 73.00 
Chopped grass hay 12.00 12.00 12.00 12.00 12.00 12.00 12.00 
Soybean Meal 4.00       
Urea 0.80       
Limestone 1.10 1.10 1.10 1.10 1.10 1.10 1.10 
Sodium Chloride 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
Sodium Bicarbonate     0.50 0.50 0.50 
Potassium 
Carbonate 
    0.50 0.50 0.50 
Vitamin A premix
2
 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
Trace minerals
3
 0.024 0.024 0.024 0.024 0.024 0.024 0.024 
Rumensin premix
4
 
0.019
6 
0.0196 0.0196 0.0196 0.0196 0.0196 0.0196 
        
Composition of ration, calculated
5
 
Crude protein 12.43 13.93 19.3 24.68 13.41 18.79 24.16 
NEg, Mcal*kg
-1
 1.36 1.38 1.38 1.38 1.36 1.36 1.36 
Calcium 0.57 0.59 0.62 0.65 0.59 0.62 0.65 
Phosphorous 0.36 0.45 0.56 0.67 0.44 0.55 0.66 
Potassium 0.60 0.64 0.76 0.88 0.91 1.03 1.15 
Sodium 0.14 0.22 0.29 0.36 0.34 0.42 0.49 
Chloride 0.27 0.30 0.32 0.34 0.30 0.32 0.34 
Sulfur 0.15 0.28 0.42 0.56 0.27 0.41 0.55 
Cation-Anion 
difference
6
 
44 0 -32 -65 133 100 69 
1
Added cations – sodium bicarbonate and potassium carbonate to equal 0.5% of diet DM 
each 
2
The premix contained 3.85 million IU of vitamin A (as retinyl palmitate) per kg, providing 
3,080 per kg of DM in the diet. 
3
The trace mineral premis contained: (%) Ca 13.2, Co 0.10, Cu
++
 1.5, Fe
++
 10.0, Fe
+++
0.44, 
I 0.20, Mn
++ 
8.0, S 5.0, and Zn 12.0. 
4
Premix contained 176.2 g sodium monensin per kg, providing 34.3 mg of sodium 
monensin per kg of DM in the diet. 
5
Calculated values from book values in Beef NRC 2000. 
6
Cation-Anion difference = (millequivalents of (Na+ + K+) – (Cl- + SO42-)) * kg-1 of DM 
 
 
 
 
42 
 
Table 2.  Mean cation and anion content of weekly samples of diets, distillers grains and hay during each half of 
trial. 
  No added cation Added cations
1
   
Item 
Contr
ol 
25% 50% 75% 25% 50% 75% MDGS
2
 Hay
3
 
Day 0-86          
% of DM          
     S 0.24 0.38 0.57 0.71 0.38 0.59 0.61 0.80 0.17 
     Cl 0.23 0.33 0.34 0.46 0.33 0.37 0.43 0.16 0.34 
     K 0.75 0.83 0.99 1.31 0.59 1.31 1.50 1.39 1.53 
     Na 0.26 0.24 0.35 0.39 0.65 0.47 0.52 0.37 0.13 
     DCAD, 
mEq*kg
-1
  
87 -15 -48 -67 109 69 107 -24 243 
Day 86-170          
% of DM          
     S 0.18 0.33 0.45 0.54 0.31 0.48 0.56 0.78 0.22 
     Cl 0.21 0.27 0.30 0.27 0.18 0.28 0.32 0.17 0.2 
     K 0.71 0.84 0.98 1.19 1.00 1.34 1.48 1.17 1.92 
     Na 0.23 0.29 0.31 0.38 0.38 0.47 0.51 0.32 0.11 
     DCAD, 
mEq*kg
-1
  
115 58 21 56 174 168 114 -89 354 
1
Added cations – sodium bicarbonate and potassium carbonate to equal 0.5% of diet DM each 
2
DGS – distillers grains with solubles 
3
Hay – Chopped grass hay 
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Figure 1.  Weekly measured cation-anion difference of diets: Graph A:  □ 25% MDGS without added cations; ▲ 
25% MDGS with added cations ; ♦ Control.  Graph B: □ 50% MDGS without added cations; ▲ 50% MDGS with 
added cations ; ♦ Control; Graph C:  □ 75% MDGS without added cations; ▲ 75% MDGS with added cations ; ♦ 
Control.
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Table 3. Effect of level of distillers grains, fed with or without added cations, upon blood chemistry of steers during day 56 of  the 
trial. 
  No added cation Added cations
1
  P value 
Item Control 25% 50% 75% 25% 50% 75% SEM
2
 
Control 
vs. 
MDGS 
Cation %MDGS 
Linear 
% MDGS 
Quadratic 
Na, mEq/L 141.2 140.2 139.9 140.3 139.6 140.0 140.8 0.77 0.26 0.90 0.26 0.76 
K, mEq.L 4.73 4.61 6.25 4.64 4.60 4.84 4.76 0.61 0.76 0.38 0.86 0.39 
Ca, mg/dl 10.3 10.3 10.4 10.6 10.5 10.6 10.5 0.14 0.29 0.45 0.92 0.11 
Mg, mg/dl 2.16 2.14 2.80 2.18 1.99 2.00 2.07 0.28 0.90 0.14 0.95 0.51 
P, mg/dl 8.32 8.28 7.88 8.41 8.25 8.05 8.15 0.21 0.55 0.85 0.65 0.35 
Cl, mEq/L 98.3
ab
 99.5
ab
 98.4
ab
 99.9
a
 96.8
ab
 95.8
b
 98.0
ab
 0.87 0.66 0.002 0.76 0.86 
Bicarbonate, mEq.L 24.3
a
 23.1
a
 21.9
ab
 18.7
b
 23.3
a
 23.5
a
 21.8
ab
 0.78 0.02 0.02 0.39 0.002 
Anion gap
3
 23.25 22.50 24.50 26.50 24.25 25.75 25.75 0.96 0.13 0.35 0.87 0.007 
Blood urea nitrogen, 
mg/dl 
8.83
a
 9.41
a
 16.32
b
 22.51
c
 10.58
a
 15.65
b
 20.55
c
 0.65 0.0001 0.38 0.27 .0001 
Creatinine, mg/dl 1.64 1.59 1.58 1.68 1.58 1.50 1.46 0.09 0.41 0.31 0.53 0.33 
Glucose, mg/dl 91.0 90.5 86.8 86.6 89.3 79.9 88.2 4.37 0.37 0.54 0.97 0.14 
Total protein, g/dl 7.27
a
 7.41
ab
 7.61
ab
 7.98
b
 7.57
ab
 7.70
ab
 7.95
b
 0.13 0.01 0.53 0.21 0.0004 
Albumin, g/dl 3.32
a
 3.39
ab
 3.54
ab
 3.64
b
 3.44
ab
 3.58
ab
 3.59
b
 0.06 0.003 1.00 0.16 0.0002 
Total bilirubin, 
mg/dl 
0.23 0.21 0.21 0.25 0.23 0.24 0.26 0.02 1.00 0.13 0.44 0.40 
Creatine kinase, 
IU/L 
163
a
 192
ab
 274
bcd
 378
d
 233
abc
 244
abc
 335
c
 23.99 0.0003 0.59 0.14 0.0001 
Aspartate 
aminotransferase, 
IU/L 
83.6 81.8 92.2 98.6 84.7 87.8 100.0 4.46 0.15 0.95 0.89 0.005 
Gamma glutamyl 
transferase, IU/L 
10 11 11 18 9 10 13 2.24 0.32 0.11 0.94 0.09 
Alkaline 
phosphatase, IU/L 
233
a
 162
b
 172
b
 133
b
 154
b
 153
b
 134
b
 11.12 0.0001 0.35 0.0001 0.0001 
abc
Means within row with unlike superscripts differ. P < 0.05. 
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1
Added cations – sodium bicarbonate and potassium carbonate to equal 0.5% of diet DM each 
2
SEM – Standard error of means 
3
Anion gap = milliequivalents of plasma (Na + K) – (Cl + HCO3) 
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Table 4.  Effect of level of distillers grains, fed with or without added cations, upon intake and weight gain of steers. 
  No added cation Added cations
1
  P  value 
Item Control 25% 50% 75% 25% 50% 75% SEM
2
 
Control 
vs. 
MDGS 
Cation 
%MDGS 
Linear 
% 
MDGS 
Quadratic 
0-84 days             
Starting wt., 
kg 
342.4 342.7 342.1 342.2 342.9 342.9 342.4 0.73 0.69 0.92 0.59 0.93 
Ending wt., kg 476.0
ab
 475.0
ab
 481.6
a
 454.5
b
 474.8
ab
 475.1
ab
 465.4
ab
 5.11 0.39 0.73 0.78 0.13 
Gain, kg/d 1.55
ab
 1.54
ab
 1.61
a
 1.34
b
 1.53
ab
 1.54
ab
 1.43
ab
 0.06 0.39 0.76 0.80 0.14 
DMI, kg/d 8.86
a
 8.78
a
 9.05
a
 7.87
b
 9.00
a
 8.71
a
 8.25
ab
 0.16 0.16 0.53 0.48 0.005 
Gain:Feed, 
g/kg 
175 167 178 166 171 176 173 6.05 0.64 0.52 0.55 0.77 
DCAD, 
mEq/kg
3
 
87 -15 -48 -67 109 69 107      
             
84-170 days             
Gain,kg/d 1.40 1.63 1.52 1.48 1.55 1.61 1.51 0.06 0.03 0.78 0.03 0.51 
DMI, kg/d 10.70
abc
 11.23
ac
 11.07
ac
 9.56
b
 11.59
c
 11.51
c
 10.03
ab
 0.30 0.69 0.10 0.08 0.045 
Gain:Feed, 
g/kg 
132 146 138 155 114 141 151 9.06 0.48 0.10 0.64 0.06 
DCAD, 
mEq/kg
3
 
115 58 21 56 174 168 114      
             
0-170 days             
Ending wt., kg 593.2
ab
 612.2
a
 609.4
a
 578.9
b
 605.4
ab
 610.6a 592.3
ab
 6.08 0.27 0.61 0.04 0.47 
Gain, kg/d 1.48
ab
 1.58
a
 1.57
a
 1.39
b
 1.54
ab
 1.57
a
 1.47
ab
 0.04 0.27 0.67 0.04 0.47 
DMI, kg/d 9.77
a
 9.99
a
 10.05
a
 8.71
b
 10.28
a
 10.09
a
 9.13
ab
 0.22 0.81 0.18 0.13 0.02 
Gain:Feed, 
g/kg 
152 152 156 160 150 156 161 4.49 0.42 0.93 0.92 0.07 
DCAD, 
mEq/kg
3
 
98 22 -14 -8 144 113 135      
abc
Means within row with unlike superscripts differ. P < 0.05. 
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1
Added cations – sodium bicarbonate and potassium carbonate to equal 0.5% of diet DM each 
2
SEM – Standard error of means 
3
DCAD = (millequivalents of (Na+ + K+) – (Cl- + SO42-)) * kg-1 of DM 
 
             
 
 
             
Table 5. Effect of  level of distillers grains, fed with or without cations, upon carcass traits in steers.      
  No added cations Added cations
1
  P Value 
Item Control 25% 50% 75% 25% 50% 75% SEM
2
 
Control 
vs. 
MDGS 
Cation %MDGS 
Linear 
% 
MDGS 
Quadratic 
No. steers 24 24 24 24 24 24 24      
Carcass wt, 
kg 
370
ab
 383
ab
 384
a
 365
b
 381
ab
 385
a
 374
ab
 4.02 0.07 
0.45 0.02 0.83 
Dressing % 62.36 62.42 63.01 62.98 62.90 62.90 63.07 0.003 0.18 0.53 0.44 0.10 
Back fat, cm 1.22
ab
 1.27
ab
 1.50
a
 1.22
b
 1.24
ab
 1.35
ab
 1.27
ab
 0.06 0.15 0.37 0.30 0.04 
Ribeye area, 
sq cm 
83.1 85.2 81.1 83.1 81.5 82.8 82.9 1.58 0.86 
0.57 0.99 0.55 
REA/45.4kg 10.19
ab
 10.12
ab
 9.59
b
 10.35
a
 9.72
b
 9.78
ab
 10.08
ab
 0.13 0.11 0.13 0.07 0.29 
KPH, % 1.98 2.00 2.06 1.94 2.00 2.02 2.04 0.13 0.82 0.86 0.78 0.80 
Marbling 
score
1 586.7 547.6 561.7 553.3 590.0 569.6 565.8 18.62 0.19 
0.15 0.34 0.26 
Calculated 
yield grade
3
 
3.07
a
 3.12
a
 3.59
b
 3.01
a
 3.27
ab
 3.33
ab
 3.17
a
 0.08 0.05 
0.76   
abc
Means within row with unlike superscripts differ. P < 0.05.    
1
Added cations – sodium bicarbonate and potassium carbonate to equal 0.5% of diet DM each    
2
SEM – Standard error of means    
3
Cation vs. DGS interaction P = 0.02    
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CHAPTER 3. THE EFFECT OF DIET CATION-ANION DIFFERENCE UPON PLASMA 
METHYLHISTIDINE CONCENTRATION AND INTRACELLULAR FLUID VOLUME IN 
GROWING BEEF STEERS 
 
A paper to be submitted to the Journal of Animal Science 
 
Summer, P. G., J. A. Rathmacher, J. R.Russell. 
 
Abstract 
 The effects of feeding negative DCAD and high S diets to steers upon plasma 
3MH and body fluid compartments were measured. In a replicated 4 X 4 Latin Square design, 8 
steers were blocked into two weight groups and randomly assigned to one of four diets that 
consisted of 1) a Control diet (58 mEq*kg
-1
 of DM) 2) High Cl diet (-108 mEq*kg
-1
 of DM) with 
added NH4Cl 3) High S diet (-130 mEq*kg
-1
 of DM) with added (NH4)2SO4 and 4) Pos DCAD 
High S diet (27 mEq*kg
-1
 of DM) with added (NH4)2SO4 plus NaHCO3 and K2CO3.  On the final 
day of each period, d 10, a solution of markers (urea, sodium thiosulfate, and Evans Blue dye) 
was injected into each steer for determination of body fluid compartments.  Blood samples were 
collected before injection and at 3, 6, 9, 12, 18, 21, 30 and 60 minutes from the opposite catheter.  
Blood was analyzed for sodium, potassium, chloride, sulfate, bicarbonate (eCO2), calcium, 
phosphorus, magnesium, blood urea nitrogen, creatinine, glucose, total protein, albumin, 
aspartase aminotransferase, creatine kinase, alkaline phosphatase, gamma-glutamul 
transpeptidase, total bilirubin, 3-methylhistidine, and thiosulfate.  Steers fed negative DCAD 
diets had greater plasma 3MH compared with Control steers, indicating they had greater 
fractional protein catabolism.  Steers fed negative DCAD with High Cl, but not those fed High S 
had reduced intracellular fluid volume compared with Control.  Adding supplemental cations to 
High S diets to create positive DCAD did not mitigate the increase in 3MH (protein catabolism), 
suggesting another mechanism by which high diet S effects protein turnover in growing steers. 
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Introduction 
 Diet cation-anion difference (DCAD: millequivalents of (Na
+
 + K
+
) – (Cl- + SO4
-2
) * kg
-1
 
of DM) effects dry matter intake and milk production in dairy cows (Tucker et. al. 1988, West et. 
al. 1991).  Further, DCAD ranging from negative to highly positive had a quadratic effect on 
daily BW gain and feed efficiency in beef cattle (Ross et. al. 1994a, Ross et. al. 1994b) and on 
milk protein production in dairy cows (Hu and Murphy, 2004).  Negative DCAD-induced 
metabolic acidosis has been shown to increase muscle protein catabolism in rats (May et. al. 
1986, Williams et. al. 1991) and humans (Rosch et. al. 2004, Reaich et. al. 1991).  However, rats 
and humans may not model acid-base balance of ruminants very well.  In these nonruminant 
species, liver urea production is down- regulated during acidosis and plasma ammonia is 
eliminated by increased glutamine formation (Welbourne et. al. 1986, May et. al. 1992).  This 
process spares bicarbonate from urea formation and allows it to counteract the higher proton 
load.  Boon and Meijer (1988) reported an inverse relationship between ureagenesis and 
glutamine synthesis in rodent hepatocytes.  In contrast, urea production has been shown to be 
insensitive to pH in the perfused ovine liver (Roussow et. al. 1999) and in-vivo when sheep were 
fed HCl-treated diets to induce metabolic acidosis (Lobley et. al. 2000).  The effect of metabolic 
acidosis upon fractional protein synthesis or catabolism in ruminants has not been well 
documented.  In a review of glutamine metabolism in animal production, Lobley et. al. (2001) 
reported on its role in acid-base balance.  Acidosis decreased  net protein accretion; however,  
acidosis caused increased whole body protein degradation in rats but lowered protein synthesis in 
sheep.  Both processes lead to lower net protein accretion by different mechanisms.   However, 
Mutsvangwa et. al. (2004) measured increased mRNA levels for ubiquitin in skeletal muscle of 
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dairy cows fed negative DCAD diets containing hydrochloric acid-treated canola meal and 
observed increased proteolysis in cattle during chronic metabolic acidosis.   
Intracellular fluid volume may have an effect on protein metabolism.  Millar et. al. (1997) 
reported that production of caseins within rodent mammary tissue was responsive to cellular 
hydration state.  Others have observed that protein degradation is more sensitive to changes in 
cell hydration than is protein synthesis (Vom Dahl and Haussinger 1996).  There have not been 
any published reports on the volume of intracellular fluid and other body water compartments in 
relation to DCAD.  Many studies have reported that manipulation of diet electrolytes can affect 
the occurrence of edema in lactating cows (Nestor et. al. 1988).  If the concentration and balance 
of diet electrolytes also affects the total intracellular fluid volume, this may help explain 
variations between reports of optimal DCAD in ruminant diets.  
 The objective of this  experiment was  to assess the effects of negative DCAD and 
different anions (SO4
2-
 or Cl
-
) upon muscle protein catabolism and body compartment fluid 
volumes in growing steers.  We hypothesized that negative DCAD would increase protein 
catabolism, measured by release of 3-methylhistidine (3MH), and decrease intracellular fluid 
volume. We also hypothesized these effects would be mitigated by addition of cations to a 
negative DCAD diet with excess SO4
2-
 to create a high S, positive DCAD diet. 
Methods and Materials 
 Procedures and protocols for cattle experiments were approved by the Iowa State University 
Institutional Animal Care and Use Committee (protocol number 9-11-7214-B).  
Animals and Experimental Design A trial was designed as a replicated 4 X 4 Latin 
Square design to measure the effects of diet cation-anion balance upon plasma 3MH 
concentration and body fluid volumes.  Eight Angus, crossbred steers were blocked by weight 
into one of two squares and randomly assigned one of four treatment diets (Table 1).  Diets 
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contained a high concentration of corn grain and were similar to typical diets fed to fattening 
cattle.  Treatments consisted of a control (Control) diet with positive DCAD, a diet containing a 
high concentration of chloride (1.15% Cl; High Cl) that had a negative DCAD, a diet containing 
a high concentration of sulfur (0.47%S; High S) that had a negative DCAD, and a diet containing 
a high concentration of sulfur, but balanced with potassium and sodium (0.47% S, 1.0% K, 
0.32% Na; Pos DCAD High S) that had a positive DCAD.   The calculation for DCAD = 
(millequivalents of (Na
+
 + K
+
) – (Cl- + SO4
2-
)) * kg
-1
 of DM. 
Periods lasted 10 d and consisted of 9 days of diet adaptation followed by 1 day of 
sampling. Diets were fed twice daily at about 0800 and 1500 h at 2% of BW which was equal to 
approximately 200% of maintenance energy requirement (NRC 2000).  Orts were collected and 
weighed daily. 
Sample Collection and Analytical Procedures.   Access to feed and water was removed at 
about 1600 h on the day preceding sampling.  Steers were weighed at about 0700 h on d 10 of 
each period and the volume of  solution containing markers for body fluid analayses was 
calculated based upon empty body weight for each steer. The body weight resulting from a 15 h 
fast approximated empty body weight (Kraybill 1952).  Steers were restrained in squeeze chutes 
for catheterizing and during sample collections.  Preceding catheterizing, 4 mg  Acepromazine 
(Calmo Neosan, SmithKline Beecham) was injected intramuscularly into each steer due to 3 
animals reacting in a highly stressful manner to the procedures.  All animals in all periods were 
injected with the same amount of acepromazine. Catheters (14 gauge 6 inch Hospira Abbocath-T; 
Hospira, Inc., Lake Forest, IL)) were inserted into each jugular vein of each steer.  An initial blood 
sample was collected just prior to injecting a solution containing 1g/L Evans Blue dye, 40g/L 
urea, and 30g/L sodium thiosulfate at a volume equal to 0.66ml/kg of body weight into one of 
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the catheters.  Serum bottles and syringes were weighed before and after injections to 
gravimetrically determine the exact amount of marker solution injected into each steer.  
Injections were followed with a saline-heparin flush.  Blood samples were collected from the 
opposite catheter 3, 6, 9, 12, 18, 21, 30 and 60 minutes after the midpoint of the injection of the 
marker solution.  Whole blood samples were transferred to evacuated plasma tubes containing 
lithium heparin as an anti-coagulant.  Time 0 samples, without injection markers, were analyzed 
for blood chemistry using an Ortho Vitros 5.1 Chemistry Analyzer (Ortho-Clinical Diagnostics, 
Inc., Rochester, NY) in the Iowa State University Veterinary Diagnostics Laboratory (Iowa State 
University; Ames, IA) the same day. Compounds analyzed were sodium, potassium, chloride, 
bicarbonate (eCO2), calcium, phosphorus, magnesium, blood urea nitrogen, glucose, total 
protein, albumin, aspartase aminotransferase, creatine kinase, alkaline phosphatase, gamma-
glutamyl transpeptidase, and total bilirubin. Immediately following all collections, whole blood 
samples were centrifuged (2,500 X g) for 20 min and plasma samples were transferred to 2 ml 
microcentrifuge tubes and stored at -20
o
C until further analyses.   
Plasma 3MH and creatinine were analyzed by Metabolic Technologies, Inc. Ames, Iowa 
using the method described by Rathmacher (1992).    Evans blue dye concentration in plasma 
samples was measured colormetrically according to Hix et. al. (1959).  Plasma samples were 
deproteinized using acetonitrile (0.5 ml plasma + 1.0 ml acetonitrile) and centrifuged at 3,250 X 
g for 20 min for analysis of urea, thiosulfate, chloride and sulfate.  Analysis of urea by 
condensation of urea with acid diacetyl monoxime was used to colormetrically analyze BUN 
(Fearon 1939, Butters 1959).  Thiosoulfate was analyzed using an ion chromatograph (Thermo 
Scientific Dionex, Sunnyvale, CA) with an IonPac AS18 4mm column and the following 
conditions: 39mM potassium hydroxide eluent, 30
o
C column temperature, 1.0 ml/min flow rate 
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and 20 uL injection volume.  Plasma sulfate-sulfur and chloride were measured simultaneously 
with thiosulfate using the same method.  
 The ratio of 3MH to creatinine was used as a qualitative marker of enhanced protein 
catabolism (Ballard et. al. 1983).  Plasma volume was estimated as the space into which Evan’s 
Blue dye diluted into at sample time 3 minutes.  It was calculated by the formula:  
Liters of Plasma = (Evans Blue in injection solution, ppm / Evans Blue in plasma, ppm) * L 
solution injected.  
Extracellular space was estimated as thiosulfate space, which was calculated using the formula: 
Liters extracellular water (L ECW) = mg thiosulfate injected / mg thiosulfate per L in plasma at 
0 minutes.   
Time zero concentration of thiosulfate was calculated by extrapolation after applying a two 
compartment model to the eight time point samples.  Total body water was estimated as urea 
space and calculated with the formula:  
Liters total body water (L TBW) = g urea injected / (g urea per L plasma at 12 minutes – g urea 
per L plasma at 0 minutes; (Hammond et. al. 1984).   
Statistical analysis  The experimental design was a  replicated 4 X 4 Latin square in which steer 
groups were rows, periods were columns, and treatments were randomly assigned.  Each square 
contained each of the four total dietary treatments.  Data were analyzed using the Mixed 
procedure of SAS, v. 9.3 (SAS Inst. Inc., Cary, NC).    Means were compared by least square 
means using Tukey adjustment.   Each block was a replicate and steer was nested within block. 
Treatment effects were considered significant at a probability of P < 0.05.     
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Results and Discussion 
 During the first period, three animals were highly stressed after being restrained in the 
squeeze chutes and it was decided to prophylactically treat all steers with Acepromazine.  Casa-
Díaz (2010) reported that after a 3 h period of physical restraining, goats injected with saline had 
increased plasma creatine kinase activity and those injected with Acepromazine (0.03mg/kg BW) 
did not.  During period two, the time 0 blood sample for one steer on the Pos DCAD high S 
treatment was inadvertently not taken.  Therefore, the 3 min blood sample was used for blood 
component analyses and urea space could not be calculated without the pre-injection sample to 
determine plasma urea baseline.    
 The concentrations of Na
+
 , K
+
 , Cl
-
 , and  SO4
2 
 in the water were equal to 136, 21, 4.3 
and 29.5 ppm, respectively and had a cation-anion balance equal to 4.4mEq * L
-1
.  Water intake 
was not measured in the current study, but this low cation-anion balance would not greatly shift 
the overall DCAD.  
Feed intake. Steers consuming High Cl and High S diets had lower DMI (Table 2) 
compared with the Control diet but did not differ from steers fed the Pos DCAD High S diet..  
When expressed a percentage of empty BW, only those consuming the High Cl diet had lower 
DMI compared with Control diet.  In all diets, intake of net energy was well above steer’s 
maintenance requirement.  Reduced feed intake can affect skeletal muscle protein turnover. 
Ndibualonji et. al. (1997) reported that cows consuming about 75% of their NEl requirement 
excreted about 1.5 X the amount of 3MH compared with those consuming 120% of their NEl 
requirement.  Although High Cl and High S steers had reduced DMI compared with Control, 
they still consumed 170% and 184% of their estimated maintenance net energy requirement, 
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respectively.  Therefore, reduced feed intake would not be expected to affect protein turnover in 
the present trial. 
Blood components   Steers consuming High Cl and High S (negative DCAD) diets had 
elevated plasma chloride (Table 3) compared with steers fed Control or Pos DCAD High S 
(positive DCAD) diets.  Feeding high sulfur (High S and Pos DCAD High S) did not alter 
plasma sulfate, regardless of DCAD.  Sulfate is primarily an intracellular ion; however, Salim et. 
al. (2012) reported a linear increase of plasma sulfur in steers consuming diets with increasing 
levels of DGS.  High Cl reduced plasma bicarbonate compared with Control while High S only 
tended to reduce plasma bicarbonate (P=0.14) compared with Control.  The lower bicarbonate 
level in High Cl steers indicates that diet Cl is a stronger acidifier compared with sulfate and is in 
agreement with Goff et. al. (1998).  Plasma bicarbonate was not different in steers consuming 
Pos DCAD High S diet compared with Control diet.  Other workers have shown plasma 
bicarbonate concentration in dairy cows is responsive to DCAD within one day using diets 
supplemented with HCl (Goff et. al. 1998).  Plasma alkaline phosphatase was reduced in steers 
consuming High Cl and High S diets compared with steers consuming the Control diet, but these 
treatments did not differ from steers consuming the Pos DCAD High S diet.  Alkaline 
phosphatase has been positively correlated with BW gain (Fletcher et. al. 1956, Kunkel et. al. 
1954) while others have found no correlation (Kunkel et. al. 1953, Roubicek and Ray, 1974).  
Alkaline phosphatase has a role in bone growth and metabolism and has been shown to increase 
after administration of growth hormone (Li et. al. 1946).  Plasma 3MH concentration and the 
ratio 3MH to creatinine were significantly higher in steers fed all of the high anion treatments 
compared with steers fed the Control diet.  The ratio of 3MH to creatinine in the Control steers is 
similar to that reported by Gopinath and Kitts (1984) for growing Hereford steers.  The higher 
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3MH to creatinine ratio in High Cl and High S steers suggests an increased rate of muscle 
proteolysis.  This result supports the results of Mutsvangwa et. al. (2004) who reported an 
increase in mRNA levels for components of the ubiquitin mediated proteolytic pathway in dairy 
cows fed diets that caused metabolic acidosis.  The cause of increased plasma 3MH and ratio of 
3MH to creatinine in Pos DCAD High S steers is not clear. Steers fed this treatment were not 
acid challenged according to their blood chemistry.  One possible explanation may be that these 
steers eructated hydrogen sulfide that resulted in a respiratory acidosis caused by sulfide 
inhibition of carbonic anhydrase in red blood cells in the pulmonary alveoli.  Pocker and Stone 
(1968) showed that anions sulfide and cyanide are excellent, non-competitive and reversible 
inhibitors of bovine erythrocyte carbonic anhydrase activity.  Acetazolamide, a carbonic 
anhydrase inhibitor, has been shown to cause systemic acidosis in humans and animals (Heller 
et. al. 1985) and has been reported as effective as ammonium chloride to induce acidosis rats 
(Zhang et. al. 2001).  Rumen sulfide was not measured in the present study but rumen gas cap 
HS content is well-associated with dietary sulfate concentration (Drewnowski et. al. 2012, 
Drewnowski et. al. 2011, Gould et. al. 1997).      
Body fluid volumes  Total plasma volume in steers did not differ among treatments; 
however, steers fed High S diet had a higher plasma volume as a percent of body weight 
compared with steers fed other treatments (Table 4).  All values were within normal ranges for 
cattle (Hix et. al. 1959).  
Steers consuming High Cl had less total body water, measured as urea space, and tended 
to have lower total body water expressed as a percentage of empty body weight (P=0.12) 
compared with steers fed the Control diet.  Total body water of steers fed High S and Pos DCAD 
High S diets were intermediate and not different compared with Control.  Total body water for 
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Control steers reported here is similar to Ross et. al (1992) for Hereford-cross steers (57.6% of 
BW) but is lower than values reported by Hix et. al. (1959) for 8-9 month old Shorthorn calves 
(63.1% of BW).  The low total body water in High Cl steers may be associated with dehydration 
(Cole 1995, Hix 1959).  However, High Cl steers did not have reduced plasma volume typical 
with dehydration (Weeth et.al. 1967) or hemoconcentration of proteins and albumins.  
 There were no differences in extracellular water expressed in total volume or as a 
percentage of empty BW.  Steer consuming the High Cl diet had significantly lower intracellular 
water as a percentage of BW compared with steers fed the Control diet while steers fed High S 
and Pos DCAD High S diets were intermediate.  In other work, sheep deprived of feed and water 
for 3 days lost considerable intracellular water (Cole 1995).  In contrast, Hix et. al. (1959) 
reported that dehydration in sheep, induced by feeding a high level of dietary potassium 
bicarbonate, reduced extracellular water, but did not affect intracellular water.  In addition, 
Degan and Young (1980) revealed that body water loss in sheep exposed to cold was primarily 
from the rumen and extracellular space and intracellular volume was unaffected.   
 These data show that a diet with a negative DCAD caused by chloride led to a reduction 
in intracellular fluid volume in steers.  The treatment with negative DCAD caused by high sulfur 
did not result in any changes in body water compartments, with the exception of plasma as 
percentage of empty body water.  Intracellular fluid volume can affect the osmolarity, pH, and 
metabolism within the cell.   Hepatic cell shrinkage caused by hypertonic perfusates consisting 
of either 60mM NaCl or 120 mM raffinose resulted in an increase in cytosolic pH and 
simultaneous decrease in vesicular pH (Schreiber et. al. 1994).  Berneis et. al. (1999) reported 
whole body protein in humans was decreased when intracellular fluid volume was increased after 
injection hypoosmotic solutions.  In the same study, cell shrinkage induced by acute 
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hyperosmolality did not result in increased protein catabolism and the authors hypothesized the 
trial period of 17 h was not long enough to detect changes in proteolysis.   
 It is possible that decreased intracellular fluid in steers fed high Cl diets caused an 
increase in fractional protein breakdown as evidenced by a higher 3MH to creatinine ratio.  
However, this can’t explain the higher levels of 3MH in High S and Pos DCAD High S steers 
because their body compartment fluid volumes were similar to steers fed the Control diet.  These 
data suggest high dietary sulfur as SO4 increases protein catabolism regardless of DCAD. 
In summary, steers fed negative DCAD diets had greater plasma 3MH compared with 
Control steers, indicating they had greater fractional protein catabolism.  Steers fed negative 
DCAD with High Cl, but not those fed High S had reduced intracellular fluid volume compared 
with Control.  Adding supplemental cations to High S diets to create positive DCAD did not 
mitigate the increase in 3MH (protein catabolism), suggesting another mechanism by which high 
diet S effects protein turnover in growing steers. 
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Table 1. Composition of diets. (All values expressed as g/100g dry matter unless noted 
differently).   
 Treatment 
Item Control High Cl
1
 High S
1
 
Pos DCAD 
High S
1
 
Corn  77.87 75.97 75.97 74.77 
Chopped grass hay 14.00 14.00 14.00 14.00 
Soybean meal 6.00 6.00 6.00 6.00 
Limestone 1.10 1.10 1.10 1.10 
Urea 0.60    
Sodium Chloride 0.30 0.30 0.30 0.30 
CMS
2
   2.50 2.50 
CGFS
3
  2.50   
Sodium bicarbonate    0.60 
Dipotassium carbonate    0.60 
VTM
4
 0.14 0.14 0.14 0.14 
     
Calculated nutrients, % of 
DM
5
 
    
Crude protein 12.30 12.96 12.96 12.85 
NPN, crude protein 
equivalent 
1.69 1.75 1.75 1.75 
Fat 3.25 3.20 3.20 3.15 
Sulfur 0.16 0.16 0.47 0.47 
Chloride 0.28 1.15 0.28 0.28 
Sodium 0.15 0.27 0.16 0.32 
Potassium 0.67 0.79 0.67 1.00 
Calcium  0.61 0.60 0.60 0.60 
Phosphorous 0.36 0.36 0.36 0.36 
Magnesium 0.18 0.17 0.17 0.17 
NEm, Mcal/kg 2.02 2.00 2.00 1.94 
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DCAD, mEq/kg
6
 58 -108 -130 27 
1
High Cl = Cl added using ammonium chloride; High S = S added using ammonium sulfate; Pos 
DCAD High S =  S adding using ammonium sulfate, K from potassium carbonate, Na from 
sodium bicarbonate. 
2
CMS is condensed molasses solubles, a coproduct of fermentative production of amino acids 
containing 25% (NH4)2SO4 
3
CGFS is condensed glutamic acid fermentation solubles,  a coproduct of fermentative 
production of glutamic acid containing 25% NH4Cl 
4
Provided per kg of supplement DM: 0.25 mg Co, 25 mg Cu, 1.25 mg I, 50 mg Mn, 0.25 mg, Se, 
75 mg Zn. 
5
Calculated values from book values in Beef NRC 2000 
6
DCAD = (millequivalents of (Na
+
 + K
+
) – (Cl- + SO4
2-
)) * kg
-1
 of DM
 
 
 
  
Table 2.  Effect of diets upon dry matter intake by steers. 
 Treatment 
Item Control High Cl
1
 High S
1
 
Pos Dcad 
High S
1
 
SEM
2
 
Dry matter intake, kg/d 6.14
a
 4.92
b
 5.33
b
 5.69
ab
 0.20 
Dry matter  intake, % of 
BW 
1.86
a
 1.57
b
 1.68
ab
 1.77
ab
 0.06 
NEm required, Mcal
3
 5.96 5.75 5.78 5.85  
NEm intake, Mcal 12.40 9.84 10.66 11.04  
ab
Means within row with unlike superscript differ. P < 0.05.  
1
High Cl = Cl added using ammonium chloride; High S = S added using ammonium 
sulfate; Pos DCAD High S =  S adding using ammonium sulfate, K from potassium 
carbonate, Na from sodium bicarbonate.
 
 
2
SEM – Standard error of means  
3
NRC 2000: 0.077Mcal / EBW
0.75
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Table 3.  Effect of diet upon plasma constituants. 
 Treatment  
 Control High Cl
1
 High S
1
 
Pos Dcad 
High S
1
 
SEM
2
 
Na, mEq/L 140 139 140 139 0.47 
K, mEq.L 3.8 3.8 3.8 4.0 0.06 
Ca, mEq/L 4.9 4.8 4.9 4.9 0.07 
Mg, mEq/L 0.8 0.8 0.9 0.9 0.02 
P, mg/dl 7.4 7.8 8.1 7.6 0.32 
Cl, mEq.L 100.7
a
 111.5
b
 111.1
b
 101.4
a
 1.88 
SO4-S, mEq/L 0.79 0.92 0.94 0.75 0.04 
Bicarbonate,  mEq.L 33.4a 22.9b 28.1ab 29.5a 1.65 
Anion gap
3 
13.9 12.8 11.6 14.4 1.34 
Blood urea nitrogen, mg/dl 7.25 10.75 7.50 8.62 1.11 
Glucose, mg/dl 114 109 103 129 10.28 
Total protein, g/dl 7.2 7.3 7.2 7.2 0.13 
Albumin, g/dl 3.1 3.0 3.1 3.1 0.05 
Total bilirubin, mg/dl .11 .12 .11 .18 0.03 
Creatine kinase, IU/L 95 131 111 133 12.88 
Aspartate aminotransferase, IU/L 79 97 75 75 8.23 
Gamma glutamyl transferase, IU/L 33 42 32 37 3.46 
Alkaline phosphatase, IU/L 182
a
 139
b
 144
b
 162
ab
 8.84 
3-methylhistidine, nmol/ml 4.40
a
 7.95
b
 7.29
b
 7.01
b
 0.50 
Creatinine, mg/dl 3.10 3.19 2.69 3.05 0.14 
3-methylhistidine:creatinine, µM 
per mg.  
0.142
a
 0.248
b
 0.272
b
 0.227
b
 0.015 
ab
Means within row with unlike means differ. P < 0.05.
 
1
High Cl = Cl added using ammonium chloride; High S = S added using ammonium sulfate; Pos 
DCAD High S =  S adding using ammonium sulfate, K from potassium carbonate, Na from 
sodium bicarbonate.
 
2
SEM – Standard error of means  
3
Anion gap = (mEq/L  Na + K) – (mEq/L Cl + HCO3) 
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Table 4.  Effect of diet upon body fluid compartment volumes. 
 Treatment  
 Control High Cl
1
 High S
1
 
Pos Dcad 
High S
1
 
SEM
2
 
Plasma volume, L 13.8 13.7 14.8 13.4 0.37 
Plasma volume, % of EBW 4.19
a
 4.29
a
 4.69
b
 4.18
a
 0.09 
Total body water, L 191.3
a
 160.8
b
 178.4
ab
 184.2
ab
 7.34
3
 
Total body water, % of 
EBW 
57.8 50.7 56.5 57.8 2.15
4
 
Extracellular water, L 66.4 74.3 71.5 80.0 5.74 
Extracellular water, % of 
EBW 
20.14 23.56 22.70 25.27 1.75 
Intracellular water, % of 
EBW 
37.70
a
 27.17
b
 33.79
ab
 34.23
ab
 2.58
5
 
ab
Means with unlike superscripts within a row differ. P < 0.05.
 
1
High Cl = Cl added using ammonium chloride; High S = S added using ammonium sulfate; Pos 
DCAD High S =  S adding using ammonium sulfate, K from potassium carbonate, Na from 
sodium bicarbonate.
 
2
SEM – Standard error of means 
3
SEM for Pos Dcad High S = 8.12 due to one missing observation. 
4
SEM for Pos Dcad High S = 2.37 due to one missing observation. 
5
SEM for Pos Dcad High S = 2.85 due to one missing observation. 
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CHAPTER 4. TECHNICAL NOTE. QUANTITATIVE ANALYSIS OF BOVINE PLASMA 
UREA NITROGEN IN THE PRESENCE OF THIOSULFATE 
 
Summer, P. G. 
 
 
Introduction 
 Estimation of body fluid compartment volumes by using marker dilution techniques has 
been studied and implemented in a number of nutritional studies across species (Hix et. al. 1959, 
Armstrong 2007).  Substances used for fluid compartment measurements should have the 
following characteristics: 1) even and rapid distribution throughout a particular fluid space, 2) 
non-toxic at projected doses, 3) not selectively stored, secreted or metabolized, and 4) accurate 
and convenient analysis in plasma (Soberman et. al. 1948).  Thiosulfate and urea have been used 
to simultaneously estimate extracellular and total body water in cattle (Ross et. al. 1992).  Both 
equilibrate rapidly and allow for calculation of intracellular water by difference of their 
compartment volumes. Accuracy of plasma urea analyses is particularly important when using 
the data to calculate total body fluid.  Plasma urea dilution technique has been validated 
extensively as a method to estimate total body water in ruminants (Preston and Kock, 1973, 
Hammond et. al. 1984, Bartle et. al, 1987).  Bovine plasma fluid volume and total body water 
fluid volume are typically 4% and 60% of empty body weight, respectively (Hix, 1959).  A 10% 
analytical error in plasma urea extends to similar error in total body water calculations.  Random 
analytical error is not unusual and can be ‘averaged out’ with replication; however, systemic 
error caused by interference (or instrumentation) skews the result in one direction and can lead to 
incorrect conclusions.  
A common and easy method to analyze plasma urea nitrogen is to hydrolyze urea into 
ammonia followed by reaction of ammonia with phenol in the presence of hypochlorite (Fawcett 
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1960).  A search of the literature found that thiosulfate is a potential interference in this phenol-
hypochlorite reaction (Searle 1984) which may lead to systemic error in the procedure.  The 
objective of this report is to provide results of an evaluation of the potential interference of 
thiosulfate with plasma urea analyses using two separate methods. 
Methods and Materials 
 Samples of bovine plasma were obtained from a concurrent experiment that required 
blood sampling. Procedures and protocols for cattle experiments were approved by the Iowa State 
University Institutional Animal Care and Use Committee (protocol number 9-11-7214-B).  
 Indophenol hypochlorite method.  Plasma urea nitrogen was analyzed using the 
indophenol-hypochlorite reaction with ammonia after complete hydrolysis with urease (Fawcett 
1960).  Urea recovery in spiked samples as well as potential interference with two levels of 
added thiosulfate were measured. Ammonium nitrogen standards, (20, 40, 60, 100, 300 and 500 
mg/L) were made using ammonium sulfate and ultra-pure water.  Bovine plasma samples were 
spiked or not with urea to equal an additional final concentration of 25 mg urea/dl nitrogen.  
Ammonia nitrogen in samples and standards was measured by combining 50 ul of sample, 200 ul 
of 10% urease (Thermo Fisher Scientific, Inc., cat.# U21-25, CAS 9002-13-5) solution of water, 
and 2 ml of water in a test tube in duplicate.  Samples were covered and kept at ambient 
conditions for 30 minutes to allow hydrolysis of urea to ammonia.  Following hydrolysis, 200 ul 
of 25% metaphosphoric acid was added to each tube to precipitate proteins.  An additional 20 
minutes for protein precipitation was followed by centrifuging the tubes at 3,250 x g for ten 
minutes.  Next, 1.5 ml of the supernatant was combined into another tube with 200 ul of an 
alkaline phenol solution (50 volume % phenol and 10 % (g/g) sodium hydroxide) and 200 ul of 
sodium hypochlorite solution (household bleach, 6 % (g/g)).  Tubes were covered with 
aluminum foil and placed into a 100
o
C water bath for 20 minutes.  The tubes were cooled in a 
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shallow tub of cold water immediately after removing from the water bath.  Color intensity was 
measured at 625 nm with a Shimadzu UV-1601 spectrophotometer. The standard curves were 
linear (r
2
 = 0.99) between 20 and 500 mg/L ammonium nitrogen, (65 ug and 1625 ug, 
respectively).  
 Diacetyl monoxime method. Analysis of urea in bovine plasma, containing thiosulfate or 
not, by reaction with diacetyl monoxime (Fearon 1939, Butters 1959) was evaluated as an 
alternative method.  Urea reacts directly with diacetyl monoxime under strong acid conditions to 
give a yellow condensation product.  The presence of ferric ions and thiosemicarbazide 
intensifies the color to red.  Optimal absorbance occurs at 540 nm. Briefly, a working solution of 
diacetyl monoxime is made just prior to analysis and consists of 1part ultra pure water, 1 part 
mixed acid reagent, and 1 part mixed color reagent.  Mixed acid reagent is made by combining 
100 ml of concentrated H2SO4 with 400 ml of water to which 0.3ml of solution containing 2  % 
(g/g) of ferric chloride and 40%  % (ml/ml) orthophosphoric acid is added.  Mixed color reagent 
is made by combining 35 ml of a 2  % (g/g) diacetyl monoxime solution with 35 ml of 0.5  % 
(g/g) solution of thiosemicarbazide into a total volume of 500 ml with ultra pure water.  Sample 
preparation differed from the previous method in that plasma was combined with acetonitrile 
instead of metaphosphoric acid to precipitate proteins.  Acetonitrile precipitates proteins almost 
instantly and reduces sample preparation time.  Into 2.0 ml centrifuge tubes, 0.5 ml plasma and 
1.0 ml of acetonitrile were combined. The vials were capped and shaken for 60 seconds before 
centrifuging them for ten minutes at 3,250 X g.  Supernatants were analyzed for urea directly by 
combining 100 ul of sample with 3 ml of diacetyl monoxime reaction solution into test tubes.  
Tubes were covered with aluminum foil and placed into a 100
o
C water bath for 20 minutes.  The 
tubes were cooled in a tub of cold water immediately after removing from the water bath.  Color 
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intensity was measured at 540 nm within 10 minutes after heating, using the same 
spectrophotomer described above. The standards contained 2.5, 5, 10, 20 and 40 mg/dl urea 
which provided between 2.5 and 40 ug of urea per analyses and resulted in a linear response.  
Results and Discussion 
The regressions for ammonium standards analyzed with and without added thiosulfate 
using the indopenol-hypochlorite method and shown in Figure 1.  They have similar slopes; 
however, thiosulfate reduced the sensitivity of the analyses and would result in an underestimate 
of urea.  The recovery of urea nitrogen from plasma and the effect of thiousulfate upon the 
analysis are shown in Table 1.   As expected, the method resulted in good accuracy with a mean 
recovery of 101% and acceptable precision with a correlation of variation of 6.6%.  However, in 
the presence of thiosulfate, recovery was overestimated by 17 and 33% for low and high levels 
of thiosulfate, respectively.  In addition, method precision was low (CV > 9%). This interference 
was opposite to that measured using only standards.   
To validate the diacetyl monoxime method and check recovery, six bovine plasma 
samples from a previous trial were spiked or not with a urea solution to equal an additional 16.7 
mg/dl.  Results are shown in Table 2.  The mean recovery was 1.02 mg/mg and the coefficient of 
variation was only 3.67.  Next, plasma samples were spiked with urea (15.9 additional mg/dl) 
and with or without thiosulfate to equal 4.7 mg/dl as thiosulfate ion.  The results are shown in 
Table 3.  The mean recovery of urea was 1.03 and 1.04 mg/mg without and with thiousulfate, 
respectively.  Coefficient of variation for each was also low.  These data indicate the colormetric 
analysis of urea in bovine plasma by direct reaction with diacetyl monoxime provides accurate 
results and is not affected by the presence of thiousulfate.   .  
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It was learned that the color stability after heating is very time sensitive and significantly 
decreases after approximately 20 minutes.  Based upon these findings it was concluded that color 
readings should be taken within 10 minutes. 
Implications 
 Thiosulfate interferes with color development during ammonia analysis using the phenol-
hypochlorite method.  In bovine plasma, the interference was positive and led to an overestimation of 
plasma urea by as much as 33% when thiosulfate was present at 100ppm.  This concentration of 
thiosulfate is within a normal expected range when injected as a marker to estimate extracellular fluid 
volume in cattle.  Thiosulfate did not interfere with plasma urea analyses when using the diacetyl 
monoxime method.  When employing urea and thiosulfate in combination for body fluid compartment 
analyses in cattle, urea analyses should be done using the diacetyl monoxime method to avoid 
interference caused by thiosulfate.      
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Figure 1.  ● Ammonia nitrogen standards without added thiosulfate (y = 0.0015X + 0.109)                                   
○ Standards with 100ppm thiosulfate (y = 0.0015x + 0.033). 
 
 
Table 1.  Effect of two levels thiosulfate upon urea analysis in bovine plasma by the 
indolphenol-hypochlorite method. 
 Replicate plasma sample   
Item 1 2 3 4 5 6 Mean CV 
Plasma as is, NH3-N ppm 110 125 99 134 126 161   
Added Urease, NH3-N ppm 188 125 174 244 272 309   
Plasma spiked with urea +urease, 
NH3-N ppm 
468 472 418 503 522 539   
Plasma spiked with urea +urease 
+100ppm thiosulfate, NH3-N 
ppm 
524 530 500 637 556 646   
Plasma spiked with urea +urease 
+10ppm thiosulfate, NH3-N ppm 
500 506 483 584 512 582   
Spiked plasma recovery, g/g 
added urea-N  
1.12 
1.0
2 
0.9
7 
1.0
4 
1.0
0 
0.92 1.01 6.69 
Recovery with 100ppm 
thiousulfate, g/g urea-n 
1.35 
1.2
5 
1.3
0 
1.5
7 
1.1
4 
1.35 1.33 9.81 
Recovery with 10ppm 
thiosulfate, g/g urea-N 
1.25 
1.1
5 
1.2
3 
1.3
6 
0.9
6 
1.09 1.17 
10.8
4 
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Table 2.  Recovery of urea in bovine plasma by the diacetyl monoxime method.  
 Replicate plasma sample   
Item 1 2 3 4 5 6 
Mea
n 
CV 
Plasma urea as is, mg/dl 
20.8
4 
43.6
3 
31.7
4 
45.8
7 
40.2
6 
23.4
2 
  
Plasma, spiked 16.67mg/dl 
urea 
33.3
8 
52.6
5 
44.1
9 
54.1
0 
51.9
1 
38.9
9 
  
Expected, mg/dl urea 
34.0
3 
53.0
1 
43.1
1 
54.8
8 
50.2
1 
36.1
7 
  
Urea recovery, g/g added urea 0.98 0.99 1.02 0.99 1.03 1.08 1.02 3.67 
 
 
 
 
 
Table 3.  Effect of thiosulfate on analyses of urea in bovine plasma using the diacetyl 
monoxime method. 
 Replicate plasma sample   
Item 1 2 3 4 5 6 
Mea
n 
CV 
Plasma urea as is, mg/dl 
14.4
0 
21.2
3 
15.8
5 
9.04 
19.3
0 
12.3
5 
  
Spiked plasma urea, mg/dl 
32.0
4 
36.9
9 
31.5
7 
27.0
3 
35.0
5 
29.2
6 
  
Recovery urea, g/g. 1.06 1.00 0.99 1.08 1.00 1.04 1.03 3.70 
Spiked plasma + thiosulfate 
33.6
4 
35.5
1 
33.5
2 
27.1
4 
35.5
1 
28.9
1 
  
Recovery urea, g/g. 1.11 0.96 1.06 1.09 1.01 1.02 1.04 5.38 
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CHAPTER 5. GENERAL CONCLUSIONS 
 
General Conclusions 
 Altering DCAD in finishing diets with excess sulfur was investigated as a potential 
management tool to attenuate reductions in feedlot performance associated with high sulfur 
intake.  For the cattle finishing trial, MDGS was included in treatment diets at three levels to 
evaluate if a high level (75% of DM) could be feasibly used to finish cattle and if balancing the 
high sulfur in MDGS with supplemental cations would improve DMI or BW gain.  The results 
showed that as MDGS level in diets increased above 25%, ADG and DMI decreased.  Increasing 
DCAD by supplementation of finishing diets containing MDGS with sodium and potassium did 
not affect any growth parameters or carcass traits.  The addition of sodium and potassium cations 
to these diets is not an economical or effective management tool to manage reduced ADG and 
DMI caused by increasing sulfur intake.  Cattle fed diets with MDGS and moderately negative 
DCAD are able to buffer the increased acid load, possibly due to increased protein and 
ammonium content of plasma in steers consuming high protein diets.  Reductions in ADG and 
DMI with increasing level of MDGS are not due to reductions in DCAD.  To date, there is little 
information reported on the effect of feeding MDGS upon certain enzyme activities in plasma.  
Feeding MDGS and level of MDGS had a greater effect upon blood components compared with 
supplemental cations, particularly enzymes associated with protein metabolism.  
The second trial was designed to further investigate the effect of high sulfur and negative 
DCAD upon protein catabolism and body fluid compartments.  The results show that chloride 
affects intracellular volume but sulfate does not.  To date, there is little information that 
describes the effect of negative DCAD with either high Cl or high S has upon body fluid 
compartments.  Previous work has shown metabolic acidosis increases fractional protein 
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catabolism and in the current trial, negative DCAD increased the ratio of 3MH to creatinine, 
indicating greater fractional protein catabolism.  Unexpectedly, the positive DCAD high S diet 
also caused greater 3MH concentration in plasma of steers.  Feeding excess S ( ≥ 0.47% of DM) 
causes an increase in fractional protein catabolism in growing beef steers.  
 Creatine kinase was not affected by treatments (high S) in the second trial although it was 
significantly increased in steers fed DGS in first trial.  Sulfur in the second trial was 
supplemented using an ammonium sulfate based coproduct and these treatments contained no 
DGS.  Creatine kinase activity is typically associated with protein catabolism and has been 
negatively correlated with blockers of beta-andrenergic receptors and positively correlated with 
beta-agonists.      
Future Research  
 An objective of the current work was to evaluate a nutritional management method that 
could be used to mitigate the negative effects of excess sulfur in beef cattle finishing diets when 
DGS is included in diets.  Another objective was to evaluate if balancing DCAD of finishing 
diets, containing high levels of sulfur from DGS, would mitigate any reductions in ADG and 
DMI and allow higher inclusion into diets.       
 Future work should test the hypothesis that eructated hydrogen sulfide (caused by excess 
diet sulfur) reduces carbonic anhydrase activity in the red blood cells of the pulmonary alveoli 
and causes respiratory acidosis.  Chronic respiratory acidosis might explain the reduced ADG 
and DMI in cattle as sulfur intake from DGS increase.  An initial experiment should verify that 
hydrogen sulfide reduces carbonic anhydrase activity in bovine red blood cells and determine the 
km of carbonic anhydrase inhibition by hydrogen sulfide.  The km (affinity of the enzyme for the 
substrate) determination will allow an extrapolation of the data to estimate if physiological levels 
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of hydrogen sulfide measured in cattle are practically high enough to affect carbonic anhydrase 
activity.  A proper method to test hydration of a target compound (acetyldehyde, 
propionaldehyde, others) needs to be investigated.  If  inhibition of carbonic anhydrase activity 
by hydrogen sulfide is confirmed, a metabolism study should follow to confirm the activity in the 
animal.  Diet with varying levels of sulfur should be fed and compared with animals given a 
known carbonic anhydrase inhibitor such as acetazolamide.  Rumen gas cap hydrogen sufide 
should be measured along with blood and urine composition after a transition period on each diet 
to determine the acid-base status of the animals.  Finally, feeding trials will need to be conducted 
to evaluate the impact of excess hydrogen sulfide production due to excess sulfur upon animal 
performance.              
 The major objective should be to create a known and predictable value for low-sulfur 
DGS whereby the industry can incentivize the ethanol industry to significantly reduce sulfuric 
acid use by realizing higher value in the coproduct.  
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Trial 1.  Day 56 blood constituents of steers. 
 
pen treatment Na K Cl Bicarb Ca P Mg BUN Creat Gluc Tot Prot Alb AST Creat Kin Alk Phos GGT Tot Bili Anion gap Lipemic ind Hemo ind Icter ind
22 White 25% 139 4.6 98 25.1 10.5 7.7 2.08 10.0 1.4 97 7.7 3.4 80 219 192 13 0.22 21 6 63 0
28 White 25% 140 4.6 99 23.0 10.7 8.0 2.16 9.0 1.5 89 7.6 3.5 80 169 144 13 0.18 23 12 86 0
38 White 25% 141 4.7 99 23.4 10.1 8.5 2.17 10.1 1.5 87 7.4 3.4 83 203 156 11 0.20 23 21 56 0
42 White 25% 141 4.7 102 20.7 9.9 9.0 2.16 8.5 2.0 90 7.0 3.3 86 178 155 7 0.23 23 14 125 0
27 Blue 50% 139 11.0 98 23.2 10.6 8.1 2.12 18.7 1.5 84 7.8 3.6 109 341 201 12 0.20 23 5 90 0
29 Blue 50% 139 4.7 97 22.6 10.6 8.0 1.99 17.5 1.8 97 7.7 3.6 92 332 199 9 0.23 24 6 150 0
39 Blue 50% 139 4.4 99 20.8 10.1 7.7 2.07 15.6 1.4 82 7.4 3.4 76 192 129 14 0.20 24 16 83 0
43 Blue 50% 143 4.9 100 21.2 10.4 7.7 5.01 13.5 1.6 84 7.6 3.6 93 230 160 10 0.19 27 18 79 0
25 Green 75% 139 4.6 97 20.8 11.0 8.4 2.13 22.5 1.5 100 8.1 3.7 90 442 134 21 0.24 26 14 99 0
34 Green 75% 140 4.4 99 19.9 10.7 8.5 2.11 23.0 1.7 89 7.9 3.8 111 362 131 30 0.23 25 15 107 0
40 Green 75% 141 4.6 102 16.2 10.5 8.3 2.31 21.8 1.7 77 8.0 3.6 98 362 148 9 0.23 28 23 97 0
48 Green 75% 142 5.0 102 18.1 10.3 8.5 2.14 22.8 1.7 81 7.9 3.5 96 346 118 13 0.30 27 18 95 0
26 Yellow 25% + 141 4.7 96 21.9 11.1 7.9 2.00 11.2 1.5 96 8.0 3.5 81 249 148 12 0.20 28 4 68 0
30 Yellow 25% + 138 4.4 95 24.7 10.5 7.8 1.97 10.9 1.8 89 7.7 3.5 94 299 179 7 0.24 22 11 126 0
36 Yellow 25% + 139 4.6 96 24.7 10.3 8.5 1.95 10.8 1.5 83 7.4 3.5 84 186 129 7 0.20 23 9 80 0
45 Yellow 25% + 141 4.8 99 22.0 10.0 8.8 2.02 9.5 1.6 90 7.2 3.3 80 198 160 10 0.29 24 18 56 0
23 Pink 50% + 138 4.4 94 24.8 10.5 7.4 1.88 16.6 1.3 88 8.1 3.4 86 271 186 16 0.23 24 5 62 0
32 Pink 50% + 139 4.7 96 25.3 10.8 7.7 2.00 14.6 1.5 77 7.7 3.7 89 251 155 9 0.23 23 12 112 0
35 Pink 50% + 141 4.6 96 23.1 10.7 8.5 2.00 15.5 1.7 88 7.5 3.6 88 245 149 7 0.23 26 7 122 0
44 Pink 50% + 142 5.6 97 20.9 10.4 8.7 2.11 15.9 1.6 67 7.5 3.5 88 207 122 7 0.29 30 11 88 0
24 Orange 75% + 140 4.5 96 21.6 10.7 7.9 1.96 21.9 1.2 97 8.1 3.7 87 395 141 15 0.22 26 4 74 0
31 Orange 75% + 140 4.6 97 23.7 10.7 8.0 1.96 19.6 1.6 92 7.8 3.7 121 320 138 13 0.27 24 5 126 0
37 Orange 75% + 142 4.8 100 20.9 10.4 8.0 2.14 19.1 1.5 88 8.0 3.6 102 364 120 11 0.23 26 26 93 0
46 Orange 75% + 143 5.1 100 20.9 10.4 8.8 2.20 21.7 1.6 75 7.9 3.4 91 261 136 11 0.30 27 28 94 0
21 control 139 4.6 97 24.4 10.4 8.2 2.26 10.8 1.5 107 7.5 3.4 86 193 206 14 0.18 22 10 79 0
33 control 142 4.7 98 23.8 10.5 8.3 2.22 9.4 1.6 93 7.6 3.5 88 197 226 11 0.20 25 6 76 0
41 control 142 4.7 99 24.0 10.1 8.0 2.12 8.1 1.8 78 7.0 3.1 80 143 245 6 0.24 24 17 85 0
47 control 142 5.0 100 25.0 10.3 8.8 2.02 7.1 1.7 87 7.0 3.2 81 120 255 7 0.31 22 8 79 0  
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Trial 1.  Body weight gain of steers. 
Average Daily Gain, Kg Weight, kg Daily dry matter intake, kg
Treatment Day 0-84 Day 84-170 Day 0-170 Day 0 Day 84 Day 170 Day 0-84 G:F day 0-170 G:F Day 84-170 G:F
Control 1.44 1.47 1.45 341.40 465.31 588.54 8.80 0.164 9.78 0.149 10.78 0.136
Control 1.42 1.48 1.45 343.82 466.37 590.99 8.29 0.172 9.10 0.160 9.94 0.149
Control 1.77 1.34 1.56 341.25 493.66 605.92 9.22 0.192 10.06 0.155 10.92 0.122
Control 1.57 1.33 1.45 343.07 478.46 590.24 9.13 0.172 10.13 0.144 11.15 0.119
White 25% 1.60 1.56 1.58 343.52 481.34 612.16 8.83 0.150 9.87 0.134 10.93 0.143
White 25% 1.38 1.57 1.47 342.76 461.76 593.45 8.55 0.162 9.92 0.149 11.32 0.142
White 25% 1.63 1.65 1.64 341.56 481.87 620.10 9.14 0.178 10.26 0.160 11.40 0.144
White 25% 1.54 1.76 1.65 343.07 475.14 622.93 8.58 0.179 9.92 0.166 11.28 0.156
Yellow 25% + 1.59 1.60 1.59 342.61 478.99 613.29 8.79 0.180 10.02 0.159 11.27 0.142
Yellow 25% + 1.57 1.47 1.52 342.31 477.48 600.63 9.04 0.174 10.40 0.146 11.78 0.124
Yellow 25% + 1.59 1.44 1.52 342.46 479.30 600.63 9.04 0.176 10.40 0.146 11.78 0.123
Yellow 25% + 1.39 1.71 1.54 344.28 463.50 606.87 9.11 0.152 10.31 0.150 11.53 0.067
Blue 50% 1.66 1.52 1.59 341.56 484.06 611.59 8.90 0.186 9.95 0.160 11.02 0.138
Blue 50% 1.48 1.53 1.50 342.31 469.85 597.99 8.48 0.175 9.23 0.163 10.00 0.153
Blue 50% 1.72 1.53 1.63 341.56 489.28 618.21 9.92 0.173 11.19 0.145 12.49 0.123
Blue 50% 1.58 1.51 1.55 347.15 483.00 609.89 8.90 0.177 9.84 0.157 10.79 0.140
Pink 50% + 1.56 1.58 1.57 341.40 475.82 608.38 8.49 0.184 9.41 0.167 10.35 0.152
Pink 50% + 1.46 1.60 1.53 343.37 469.17 603.85 8.73 0.168 9.94 0.154 11.18 0.143
Pink 50% + 1.69 1.74 1.71 344.88 490.03 636.35 8.92 0.189 10.72 0.160 12.56 0.139
Pink 50% + 1.43 1.53 1.48 342.01 465.31 593.64 8.68 0.165 10.29 0.144 11.93 0.128
Green 75% 1.23 1.40 1.31 340.95 446.56 564.34 7.85 0.156 8.57 0.153 9.30 0.151
Green 75% 1.20 1.77 1.48 343.37 446.86 595.34 7.78 0.155 8.53 0.174 9.30 0.190
Green 75% 1.32 1.54 1.43 341.10 454.35 583.62 7.84 0.168 8.87 0.161 9.92 0.155
Green 75% 1.48 1.21 1.35 343.22 470.07 572.09 8.03 0.184 8.87 0.152 9.74 0.125
Orange 75% + 1.26 1.46 1.36 342.46 451.10 573.79 8.06 0.157 8.81 0.155 9.57 0.153
Orange 75% + 1.44 1.53 1.48 342.01 465.46 594.21 8.46 0.170 9.20 0.161 9.96 0.154
Orange 75% + 1.48 1.58 1.53 343.52 471.13 604.22 8.29 0.179 9.26 0.166 10.26 0.154
Orange 75% + 1.54 1.47 1.50 341.56 473.93 597.04 8.20 0.188 9.25 0.162 10.32 0.142  
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Trial 1.  Carcass traits of steers. 
 
Treatment HCW
FAT 
COVER % KPH
RIB EYE 
AREA
Ribeye 
Area/CWT
Calculated 
YG
INITIAL MARBLING  
SCORE
FINAL MARBLING  
SCORE
YIELD 
GRADE Wt Dress %
Control 801.67 0.52 1.92 12.43 1.56 3.24 601.67 601.67 2.83 1297.50 0.618
Control 817.33 0.52 1.75 12.48 1.53 3.25 571.67 571.67 2.67 1302.92 0.629
Control 824.17 0.43 1.92 13.15 1.60 2.89 556.67 590.00 2.33 1335.83 0.618
Control 819.83 0.44 2.33 13.45 1.64 2.88 616.67 616.67 2.67 1301.25 0.630
White 25% 840.33 0.43 1.67 12.90 1.55 2.98 500.00 500.00 2.17 1349.58 0.621
White 25% 828.67 0.58 1.67 12.97 1.59 3.29 602.00 606.00 2.67 1308.33 0.633
White 25% 854.50 0.53 2.50 13.60 1.60 3.21 565.00 570.00 2.83 1367.08 0.625
White 25% 848.67 0.44 2.17 13.38 1.58 2.98 523.33 523.33 2.50 1373.33 0.618
Yellow 25% + 857.83 0.51 1.75 13.10 1.53 3.19 603.33 610.00 2.33 1352.17 0.635
Yellow 25% + 831.33 0.50 2.42 12.52 1.51 3.39 618.33 618.33 2.83 1324.17 0.628
Yellow 25% + 833.17 0.46 1.83 12.35 1.49 3.23 595.00 601.67 2.67 1324.17 0.629
Yellow 25% + 836.50 0.50 2.00 12.60 1.51 3.30 543.33 543.33 2.83 1337.92 0.625
Blue 50% 840.50 0.55 1.92 12.28 1.47 3.52 558.33 566.67 2.83 1348.33 0.623
Blue 50% 832.50 0.58 1.92 12.40 1.49 3.52 556.67 556.67 3.00 1318.33 0.632
Blue 50% 859.00 0.58 2.33 13.12 1.53 3.49 591.67 591.67 3.00 1362.92 0.630
Blue 50% 854.50 0.67 2.08 12.50 1.47 3.83 540.00 540.00 3.17 1344.58 0.635
Pink 50% + 848.50 0.50 2.00 12.47 1.47 3.38 620.00 620.00 2.83 1341.25 0.633
Pink 50% + 830.83 0.53 2.08 13.00 1.58 3.25 531.67 536.67 2.67 1331.25 0.624
Pink 50% + 895.67 0.57 2.25 13.55 1.52 3.43 575.00 583.33 3.00 1402.92 0.638
Pink 50% + 813.17 0.50 1.75 12.28 1.52 3.26 551.67 561.67 2.67 1308.75 0.621
Green 75% 795.17 0.52 2.17 12.90 1.63 3.12 630.00 630.00 2.83 1244.17 0.639
Green 75% 811.00 0.45 1.75 12.83 1.59 2.95 510.00 516.67 2.33 1312.50 0.618
Green 75% 814.83 0.48 1.92 13.32 1.63 2.91 503.33 503.33 2.50 1286.67 0.633
Green 75% 793.17 0.47 1.92 12.47 1.58 3.07 570.00 576.67 2.50 1261.25 0.628
Orange 75% + 806.67 0.55 1.83 12.72 1.58 3.24 603.33 608.33 2.50 1265.00 0.638
Orange 75% + 814.33 0.46 2.00 12.20 1.50 3.24 556.67 556.67 2.67 1310.00 0.623
Orange 75% + 845.33 0.46 2.17 14.00 1.66 2.81 541.67 541.67 2.17 1332.08 0.634
Orange 75% + 826.67 0.53 2.17 12.50 1.52 3.39 561.67 570.00 3.00 1316.25 0.628  
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Trial 2.  Blood constituents of steers. 
 
 
period ID TRT Na K Cl SO4 Bicarb Ca P Mg BUN Creat Gluc Tot Prot Alb AST Creat Kin Alk Phos GGT Tot Bili Anion gapLipemic indHemo ind Icter ind SID
1 134 Control 141 3.6 102 0.52 33 5.1 5.4 0.74 6 1.5 112 6.9 2.9 79 118 214 25 0.1 10 20 15 2 47.9
1 113 Control 140 3.6 96 0.89 36 4.9 7.3 0.84 9 1.4 98 7.1 3.1 62 119 135 31 0.1 12 20 15 2 52.5
2 110 Control 141 3.3 93 0.49 24 4.8 7.3 0.87 7 1.5 234 7.3 3 86 141 203 34 0.12 27 20 16 2 56.5
2 116 Control 137 3.7 97 0.83 33 4.2 8 0.71 11 1.2 87 6.6 2.7 59 69 87 34 0.1 11 20 15 2 47.7
3 106 Control 143 4 99 0.93 35 5.0 7.8 0.97 8 1.3 81 7 3.1 101 87 266 52 0.1 13 20 15 2 53.0
3 115 Control 143 4 96 0.98 35 5.1 7.7 0.80 6 1.6 106 7.2 3.2 96 79 173 35 0.1 16 20 15 2 55.9
4 129 Control 139 3.9 94 0.78 38 5.1 8.4 0.87 3 1.3 94 7.8 3.4 72 61 162 29 0.12 11 20 15 2 54.1
4 131 Control 138 3.9 98 0.95 33 5.3 7.3 0.85 8 1.4 96 7.4 3.1 75 86 217 26 0.12 11 20 17 2 49.1
4 116 High Cl 131 4 101 0.64 23 4.7 7.6 0.80 8 1.2 91 7 2.9 58 119 161 43 0.1 11 20 15 2 38.8
4 134 High Cl 139 3.7 108 0.90 24 4.7 7.3 0.77 10 1.5 85 6.4 2.8 98 136 137 30 0.1 11 20 16 2 39.3
1 110 High Cl 138 3.7 107 1.16 18 4.8 7.6 0.81 7 1.4 215 7.8 2.9 98 171 104 32 0.1 17 20 17 2 39.2
1 106 High Cl 140 4 111 0.63 21 4.8 7.2 1.09 24 3 73 7.1 3 183 240 103 0.1 12 20 15 2 38.2
2 115 High Cl 140 3.7 109 1.16 22 4.9 8.3 0.91 13 1.5 100 7.3 3 68 129 122 34 0.1 13 20 15 2 39.3
2 129 High Cl 139 3.6 103 0.73 27 4.7 8.6 0.90 7 1.2 114 8.4 3.4 202 90 119 30 0.25 13 26 15 2 44.5
3 113 High Cl 141 3.7 109 1.02 24 4.8 8.6 0.93 8 1.4 83 7.2 3.1 63 94 76 36 0.1 12 20 15 2 40.4
3 131 High Cl 142 3.9 109 1.14 24 4.8 7 0.72 9 1.5 108 6.9 2.9 76 129 149 29 0.1 13 20 15 2 41.2
1 115 High S 139 3.6 104 1.00 28 4.8 7.7 0.86 8 1.3 109 7.1 2.9 62 105 118 29 0.1 11 20 15 2 43.3
1 129 High S 139 3.9 101 0.68 30 4.8 6.3 0.93 5 1.1 114 8.4 3.6 120 76 111 26 0.13 12 20 15 2 46.9
2 131 High S 139 3.8 104 0.90 25 5.1 8.5 0.95 11 1.2 107 7.6 3.2 73 169 155 26 0.1 14 20 15 2 44.0
2 113 High S 140 3.7 107 1.08 26 4.6 10.6 0.83 6 1.2 82 6.3 2.7 53 119 88 32 0.1 11 20 15 2 41.0
3 134 High S 140 3.8 106 1.08 22 5.2 9.3 0.92 7 1.3 112 7.8 3.2 84 90 151 28 0.1 16 20 15 2 42.8
3 116 High S 139 4.2 104 0.68 29 4.9 7 0.89 6 1.2 98 7.2 2.9 75 96 136 40 0.1 10 20 15 2 44.3
4 106 High S 139 4.1 102 1.09 31 5.3 7.6 0.99 7 1.2 84 6.8 3 71 143 236 44 0.1 10 20 15 2 46.3
4 110 High S 137 3.9 98 0.97 34 4.9 7.6 0.81 10 1.4 114 6.7 3 62 93 155 33 0.15 9 20 18 2 47.6
1 131 Pos Dcad Hi S 139 4.1 100 0.69 26 5.1 7.9 0.96 10 1.2 102 7.4 3.1 67 114 168 23 0.1 17 20 15 2 48.5
1 116 Pos Dcad Hi S 137 4.2 99 0.83 34 4.5 7 1.01 8 1.2 108 6.6 2.8 71 126 144 34 0.1 8 20 15 2 46.9
2 134 Pos Dcad Hi S 140 3.8 103 0.69 29 5.1 7.3 0.76 8 1.3 100 7 2.9 73 163 177 26 0.1 12 20 15 2 45.9
2 106 Pos Dcad Hi S 142 4.2 99 0.62 40 5.1 6.2 0.95 10 1.3 83 7 3.3 102 80 216 70 0.63 7 20 15 2 52.6
3 110 Pos Dcad Hi S 144 4.2 101 0.74 17 4.8 8.8 0.88 8 1.5 236 7.5 3.2 79 243 194 35 0.13 30 20 37 2 52.1
3 129 Pos Dcad Hi S 140 4.2 94 0.60 36 4.8 8.3 0.92 7 1.2 105 7.9 3.3 83 52 145 29 0.12 14 20 15 2 55.3
4 115 Pos Dcad Hi S 139 3.3 103 0.95 22 4.9 7.1 0.86 9 1.6 203 7.2 3.1 66 169 156 35 0.14 17 20 29 2 44.1
4 113 Pos Dcad Hi S 135 3.7 97 0.93 32 5.0 7.9 0.93 9 1.4 97 6.8 3 60 118 99 40 0.1 10 20 15 2 46.7  
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Trial 2.  Body fluid compartments of 
steers.
Period Steer trt 3MH Creatinine M:C ratio L ECW ECW% BW L plasma Plsma%BW L TBW TBW%BW ICW % BW plsm Cl plsm S
1 134 Control 5.4 3.47 1.55 57.4 17.79 11.6 3.61 168.4 52.23 34.4 103.9 0.26
1 113 Control 4.8 2.96 1.63 77.3 21.58 13.7 3.82 236.7 66.06 44.5 95.2 0.44
2 110 Control 3.6 3.16 1.14 68.0 22.93 12.3 4.16 172.3 58.10 35.2 89.3 0.24
2 116 Control 3.6 2.96 1.2 51.8 14.93 15.5 4.47 216.1 62.28 47.4 103.8 0.41
3 115 Control 5.9 3.06 1.94 64.6 20.90 12.7 4.10 168.4 54.44 33.5 102.7 0.46
3 106 Control 4 2.65 1.52 71.7 21.24 13.9 4.13 164.0 48.60 27.4 115.6 0.49
4 129 Control 2.8 3.06 0.93 82.1 23.87 15.2 4.43 214.8 62.49 38.6 92.4 0.39
4 131 Control 5.1 3.47 1.46 58.1 17.91 15.6 4.82 189.9 58.57 40.7 102.3 0.47
1 110 H Cl 6.3 3.06 2.06 73.9 27.19 9.8 3.62 141.3 52.01 24.8 107.1 0.32
1 106 H Cl 9.3 4.18 2.23 57.5 18.63 12.0 3.89 163.0 52.79 34.2 112.5 0.45
2 115 H Cl 9.3 2.86 3.24 87.3 30.41 12.6 4.40 158.2 55.11 24.7 107.5 0.58
2 129 H Cl 3.4 2.45 1.38 80.6 26.02 14.5 4.68 144.3 46.58 20.6 105.3 0.32
3 113 H Cl 7.4 2.76 2.7 104.9 29.88 14.9 4.25 165.7 47.22 17.3 117.4 0.58
3 131 H Cl 8.1 3.37 2.41 77.2 23.19 15.5 4.67 153.6 46.13 22.9 123.7 0.36
4 116 H Cl 10 3.06 3.27 53.4 15.28 14.9 4.27 154.4 44.16 28.9 105.2 0.51
4 134 H Cl 9.8 3.78 2.58 59.3 17.85 15.2 4.56 205.5 61.81 44.0 113.2 0.57
1 115 H S 7.3 3.06 2.37 63.7 22.85 14.3 5.14 161.6 57.95 35.1 106.9 0.50
1 129 H S 3.8 2.24 1.67 62.6 20.66 13.8 4.57 160.2 52.88 32.2 106.8 0.34
2 131 H S 8.3 3.06 2.71 79.7 27.45 13.7 4.72 165.3 56.95 29.5 114.4 0.45
2 113 H S 6.3 1.94 3.26 78.0 21.71 18.2 5.07 201.5 56.10 34.4 114.5 0.54
3 134 H S 8.8 3.27 2.68 67.4 22.06 13.4 4.39 162.3 53.09 31.0 120.1 0.54
3 116 H S 5.8 2.55 2.26 96.5 28.74 15.4 4.60 196.7 58.60 29.9 102.2 0.34
4 106 H S 8.1 2.14 3.79 57.1 16.83 15.0 4.43 172.0 50.69 33.9 115.8 0.55
4 110 H S 9.9 3.27 3.02 67.3 21.32 14.5 4.61 207.4 65.72 44.4 108.6 0.49
1 131 Pos Hi s 5.5 3.78 1.45 93.1 32.69 12.5 4.37 136.4 47.91 15.2 97.3 0.34
1 116 Pos Hi s 5.8 2.65 2.2 107.3 32.13 12.3 3.67 201.7 60.42 28.3 106.8 0.41
2 134 Pos Hi s 8.1 3.67 2.21 73.7 22.44 14.7 4.48 179.0 54.51 32.1 105.1 0.34
2 106 Pos Hi s 3.3 2.14 1.52 104.4 32.24 13.4 4.15 98.7 0.31
3 110 Pos Hi s 8.8 3.27 2.69 74.5 25.21 12.2 4.12 171.2 57.88 32.7 101.2 0.37
3 129 Pos Hi s 3.2 2.76 1.16 96.8 30.08 12.6 3.90 198.2 61.55 31.5 97.9 0.30
4 115 Pos Hi s 13.4 3.27 4.11 42.3 14.41 12.5 4.26 209.5 71.30 56.9 102.3 0.47
4 113 Pos Hi s 8 2.86 2.81 48.1 12.97 16.6 4.48 207.7 55.99 43.0 101.6 0.46  
 
